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ABSTRACT 

The f e a s i b i l i t y  o f  apply ing the Radio Frequency Resonance Counting 
Technique t o  general ized tank conf igurat ions was invest igated. When a 
given tank was exc i ted over a band o f . r a d i o  frequencies, 
quencies were found t o  e x i s t  where the. tank acted as a cav i t y  resonator. 
As the tank was loaded w i t h  a f u e l  simulant, the number o f  resonant f re-  
quencies contained i n  the band increased, dependent on the quant i t y  and 
d i e l e c t r i c  constant o f  the simulant. The change i n  the number o f  resonant 
frequencies was re la ted  t o  the quant i t y  and mass o f  fue l  simulant i n  the 
tank. 

a number o f  f r e -  

A theore t ica l  analysis was performed on rectangular, c y l i n d r i c a l ,  spher ical ,  
and general ized propel lant  tank conf igurat ions t o  p red ic t  the dependence o f  
the number o f  resonant frequencies on - the  f u e l  quant i ty ,  d i e l e c t r i c  constant, 
mass and tank charac ter is t i cs .  These predic t ions were then evaluated i n  a 
ser ies o f  experiments.. Scale models of the  fue l - tanks  were constructed and 
loaded under condi t ions s imulat ing zero g rav i t y  and appl ied accelerat ions f o r  
t y p i c a l  fue ls .  The experiments v e r i f i e d - t h e  theore t ica l  predic t ions and 
establ ished the basic f e a s i b i l i t y  o f  the.Radio.Frequency Mass Gaging Techni- 
que. I t i s  recommended t h a t  a breadboard prototype RF Mass Gaging System be 
f ab r i ca ted . 

.. 
I 1  



SECTION 1 

I NTRODUCT I ON 

The Bendix Corporation, Instruments E L i f e  Support Div is ion,  respec t fu l l y  
submits Volume I I  o f  a two volume repor t  t o  George C. Marshall Space F l i g h t  
Center [MSFC). Volume I I  documents the progress made dur ing the per iod 
June 3, 1967 through January 30, 1968 on NASA Contract NAS 8-18039 f o r  
"Studies t o  Determine the F e a s i b i l i t y  o f  Various Techniques f o r  Measuring 
Propel lant  Mass Aboard Orb i t i ng  Space Vehicles". 

The i n i t i a l  study program performed under Phase A was d i rec ted  toward the study 
o f  the f e a s i b i l i t y  o f  using a Radio Frequency (RF) resonance counting technique for  
gaging propel lant  mass i n  S - l B / S - l V B  tank conf igurat ions under zero g r a v i t y  
condi t ions.  The contract  was l a t e r  expanded t o  include a f e a s i b i l i t y  study o f  
propel lant  mass gaging i n  the THERM0 tank conf igurat ion.  
performed under both f e a s i b i l i t y  studies was the use o f  the propel lant  tank as a 
microwave c a v i t y  and counting the number o f  resonant frequencies tha t  
e x i s t  i n  the c a v i t y  between two f i x e d  frequencies. 

The basis o f  the work 

Generally, theore t ica l  and experimental r e s u l t s  were obtained simultaneously. 
Often, as theore t ica l  r e s u l t s  were being calculated, experiments were conducted 
on a t r i a l  and e r r o r  basis u n t i l  such t ime as the resu l t s  were completed. Upon 
completion, the SST tank was matched by the informat ion generated so le l y  i n  
the theore t ica l  analysis.  

I n  order t o  provide background information, a summary o f  the work accomplished 
dur ing Phase A concerning the use o f  the propel lant  tank as a microwave cav i t y  
w i l l  be discussed. 

A closed m e t a l l i c  tank o f  any shape and s i ze  has the property o f  resonance 
when exc i ted w i t h  electromagnetic energy. The property o f  resonance i s  
defined i n  the fo l low ing  manner: Suppose two comparatively small holes are 
d r i l l e d  i n t o  the tank and RF power i s  then fed through one hole and an attempt 
t o  detect  the rad io frequency energy i s  made a t  the  other  hole. With DC and 
low RF frequencies, the  tank w i l l  ac t  e i t h e r  as a complete shor t  c i r c u i t  o r  
a complete open c i r c u i t ,  the d i f fe rence depending upon the  type o f  coupl ing 
used., However, as we increase the frequency a frequency i s  reached where 
power i s  detected a t  the second hole o r  port .  A t  t h i s  frequency, the  tank 
al lows power t o  enter and electromagnetic standing waves are  se t  up i n  the tank. 
The existence o f  standing waves al lows the output p o r t  t o  couple some of t h i s  
power ou t  o f  the tank. 
a t  which electromagnetic standing waves set  up i n  the tank. The frequency a t  
which a tank becomes a resonator i s  ca l l ed  a resonant frequency. The conf igura t ion  
o f  electromagnetic standing waves set  up i n  the tank i s  ca l l ed  a mode pat tern,  
and the tank i s  sa id t o  be operated i n  a p a r t i c u l a r  mode. I f  the operat ing 
frequency i s  incremental ly increased from t h i s  resonant frequency, the tank 
again rever ts  t o  being an open o r  closed c i r c u i t .  Increasing the frequency 
again w i l l  produce a second resonant frequency. Again, the tank accepts power 
from the generator and again the power may be coupled ou t  o f  the tank. The 
standing wave pa t te rn  a t  t h i s  resonant frequency as we l l  as the 

The tank i s  sa id t o  behave as a resonator a t  the frequency 

1-1  



amount of the power coupled into and out of the tank will be different than 
the previous condition. Continually increasing the frequency reveals that 
more resonant frequencies exist, each having different transmission properties. 
The resonant frequencies in the tank primarily depend on the physical size 
of the tank and to a lesser extent on the dielectric constant of the material 
in the tank. 
under zero gravity conditions becomes, in microwave terms, a study of a 
inhomogenously filled cavity. 

In performing the study of an inhomogenously filled cavity in Phase A, a 
mathematical RF system model of a given tank and propellant was formulated 
and experimental data was obtained using scale model tanks to evaluate the 
model's predictions. The most salient information developed during Phase A 
was the verification that the RF gaging technique employed was independent 
of mass position within the propellant tank. In summary, when a given tank 
was excited over a band of frequencies, a number of frequencies was found 
to exist. As the tank was loaded with a dielectric material, the number 
of resonant frequencies in the tank increased, dependent on the quantity 
and dielectric constant of the material. The change in the number of 
resonant frequencies was related to the quantity and mass of fuel material 
in the tank. 
resonant frequencies in the cavity to its volume & the propellant fractional filling. 
The loading response of the tank is given by: 

The problem of the propellant tank partially filled with propellant 

The developement made during Phase A re ates the number of 

where: 
N = number of .resonances 

V = volume of the tank 
f2 = upper frequency limit 
fl = lower frequency limit 

a = fractional filling (0 to 1.0) 
$ = mode reduction factor 

= dielectric constant of the propellant material 

The experimental data generated during Phase A showed that the general 
theory was adaptable to the S-IB/S-IVB tank. 
when a scale model S-IB/S-IVB tank was gaged by RF techniques, the number 
of resonances was independent of dielectric position for any fractional filling. 
The extension of the theory to the THERM0 tank was not successful and 
ultimately led to Phase B of the basic study contract. 

Experiments showed that 

1-2 



SECTION I I  

PROGRAM OBJECTIVES 

2.1 In t roduc t ion  

The ob jec t ive  o f  the Phase 6 study program was to perform a f e a s i b i l i t y  
study o f  Radio Frequency techniques f o r  gaging mass i n  a general ized tank 
conf igurat ion and the THERMO tank conf igurat ion.  The general ized tanks 
t o  be studied were: 

A) Cy l indr ica l  tank w i th  f l a t  ends. 

8) Spherical tank. 

C )  Cy l i nd r i ca l  tank w i t h  one hemisphere. 

D) Cy1 i n d r i c a l  tank w i th  two hemispheres. 

E) THERMO tank complete w i t h  in te rna l  perturbat ions.  

The combinations o f  these tanks along w i th  in te rna l  per turbat ions comprised 
a THERMO tank conf igurat ion.  I n  a l l  cases the tanks were experimental scale 
models. 

The work performed i n  Phase B u t i l i z e d  both ana ly t i ca l  and experimental 
techniques t o  evaluate the e f f e c t s  o f  general ized tank components on the 
performance o f  the mass gage. 

Wi th in  the scope o f  the general program o u t l i n e  and t h i s  contract ,  the 
program was d iv ided i n t o  four  basic study areas: 

1)  The study o f  spacecraft tank charac ter is t i cs  

2) 

3)  

4) 

The study o f  p rope l lan t  charac ter is t i cs  

The study o f  hardware charac ter is t i cs  

The study of  system charac ter is t i cs  

2 :2 Study of  Tank Character is t ics  

The study o f  tank charac ter is t i cs  concentrated upon the e f f e c t  of the 
tank's geometric proper t ies when the tank i s  used as a resonant cav i ty .  

The geometric proper t ies were: 

1) The volume o f  the tank 

2) 

3)  

The geometric shape o f  the tank 

In ternal  perturbat ions contained w i t h i n  the tank 
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Theoret ical  studies were made of the tank shapes i n  order t o  determine 
t h e i r  behavior as resonant cav i t i es  and t o  determine i f  the mathematical 
formulas previously formulated are dependent on these shapes. 

2.3 Study o f  Propel lant  Character is t ics  

The study of propel lant  charac ter is t i cs  concerned i t s e l f  w i t h  the rad io 
frequency behavior o f  rocket propel lants  and t h e i r  e f f e c t  on the 
modes i n  a cav i t y  o r  propel lant  tank. 

2.4 Study o f  Hardware Character is t ics  

The study of hardware charac ter is t i cs  
elements o r  c i r c u i t s  necessary t o  imp 

concerned i t s e l f  w i t h  those d isc re te  
ement the  RF gag ng system. Contained 

i n  t h i s  s tudy . is  the evaluat ion and design o f  any specia l ized c i r c u i t r y  re- 
quired to  determine when modes e x i s t  i n  the tank. 

2.5 Study o f  System Character is t ics  

.The study o f  system charac ter is t i cs  concerns' i t s e l f  w i t h  the external  
proper t ies t h a t  the system imposes w o n  the tank , the  e f f e c t  of these 
p'roperties on the tank resonances. 
used t o  determine what the system must contain i n  order t o  provide a 
mass gage under zero g rav i t y  condi t ions.  The study o f  system character- 
i s t i c s  integrates the study o f  tank charac ter is t i cs ,  propel lant  charac- 
t e r i s t i c s  and hardware charac ter is t i cs  i n  order t h a t  the f i n a l  r e s u l t  
i s  a system design capable o f  gaging propel lant  mass under zero g r a v i t y  
condit ions. 

The resu l ts  o f  t h i s  study were 

The basic design goals o f  the mass gaging system as spec i f ied  by NASA-MSFC 
r e l a t i v e  t o  the f e a s i b i l i t y  determination were: 

1)  

2) Response Time - - 0.5 seconds 

3)  

Mass Accuracy - - < f 2% o f  f u l l  scale 

Accelerat ion 0 t o  5 g 's ;  propel lant  loca t ion  as shown i n  Figure 2-1. 
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"STEADY STATE" PROPELLANT LOCAT I ON 
FOR 

FOR PLANETARY COAST 

t 
VEH I CLE 
MOT I ON 

I. Bubble i s  somewhat random i n  
locat ion.  Probably attached 
t o  wall  on sun side. 

2. APS, crew movement can cause 
bubble t o  move. 

3 .  Bubble shape and locat ion i s  
somewhat dependent on tank 
shape and bubble volume. 

4. Bubble s i ze  increases as l i q u i d  
i s  depleted. 

FIGURE 2-la 

"STEADY STATE" PROPELLANT LOCAT I ON 
FOR 

100 NM ORBIT W/O CONTINUOUS THRUST 
DRAG 

FIGURE 2-ib 
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SECTION 1 1 1  

THEORETICAL STUDIES 

3.1 lntroduc 

The purpose o f  the theo re t i ca l  study was t o  r e l a t e  the Tnformat 
developed i n  Phase A t o  general ized spacecraft tanks. The i n f o  
t i o n  developed i n  Phase A r e l a t i n g  the resonant count i n  a c a v i t y  
o f  a r b i t r a r y  shape t o  the volume o f  the cav i t y ,  t h e . d i e l e c t r i c  con- 
s tant  o f  the f l u i d  tha t  i s  t o  be used i n  the c a v i t y  and the system 
losses, was expanded in Phase 6 by considering simple geometric tank 
shapes. 

The theo re t i ca l  study made on the simple geometries was expanded t o  
f i t  tanks o f  a r b i t r a r y  volumes o f  revolut ion,  thereby leading t o  
mathematical models o f  complex tank shapes. 

The ob jec t i ve  o f  the theo re t i ca l  study was t o  es tab l i sh  a basis f o r  
p red ic t i ng  the actual response and performance o f  the Zero G gaging 
technique when appl ied t o  r e a l i s t i c  tank conf igurat ions and geometries. 
A second basis for  the theo re t i ca l  study was t o  provide a mathematical 
model t h a t  would speci fy  design parameters f o r  the gaging system, 
as wel l  as gaging system l i m i t a t i o n s .  

3.2 Analysls-Rectangular Cavity 

In  order t o  v e r i f y  the general theory that  the RF gaging concept was 
independent o f  d i e l e c t r i c  p o s i t i o n  i n  a resonant cav i t y ,  a t heo re t i ca l  
analysis was performed on a rectangular c a v i t y  p a r t i a l l y  f i l l e d  w i t h  
a d i e l e c t r i c  mater ia l .  

Consider the rectangular c a v i t y  conf igurat ion shown i n  Figure 3-1 
f i l l e d  t o  a height Id '  w i t h  d i e l e c t r i c  ' ~ 1 ' .  

TY FlLLED WITH DIEL 

3- 1 



The resonances t h a t . e x I s t  In  the cav t ty  can be character ized i n t o  - -  
standing waves i n  both the d i e l e c t r i c  and a l r ,  and standing waves- i n  
the d i e l e c t r i c  only. 

The basic equations for transverse magnetic (34) modes e x i s t i n g  I n  
both the d i e l e c t r i c  and a i r  w i t h  the d l rec t fon  of propagation taken 
along the ' X I  axis  are: 

TMX Modes 

. 

n+Y P=z 
$1 - C 1  cos k,, x s t n  - s i n  - 

b C 

n=Y P=z - s i n -  
b C 

q2 = C2 cos kX2 (a - x) s i n  

(3-1) 

(3-2) 

where: $1 i s  the wave func t ion  i n  d i e l e c t r i c  

9, is the wave func t ion  i n  a i r  
I 

The basic equations f o r  transverse e l e c t r i c  (TE) modes t o  the d i rec-  
t Ion o f  propagat ion are: 

TEX Modes 

n+Y P=z 
$, = C 1  ' s i n  kx, x cos- cos - 

' b  C 

$, = C2 s i n  kx2 (a - x) cos -cos - 
b C 

The equations f o r  resonance cbn now be determined as, 

2 2 2 

kx; + (;) +(e). = ,Er($ 

. k x i ' + F ) 2  +(:)2 = (ti2 

(3-3)  

(3-4) 

(3-5) 

(3-6) 

A t  the d i e l e c t r i c - a f r  in te r face  we must have con t inu i t y  o f  the 
tangenttal  E 6 H f i e l d s ,  Thls boundary condt t ion leads t o  tho 
development o f  transcendental equations that must be solved i n  
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order to determine the modes of the cav i ty .  
equations are: 

The transcendental 

-kxl tan kxl d = Erkx2 tan a - d  (3-7) 

-kxl cot  kxl d = kx2 co t  kx2 (a - d) (3-8) 

The so lu t ion  o f  Equations 3-1, 3-2, and 3-7 generate the 'TM' modes; 
wh i le  the so lu t ion  o f  Equations 3-1, 3-2, and 3-8 generate the 'TE' 
modes. 

Fract ional  
F i  1 1 i ng 

EmP t Y  
0.01 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0.70 

0.80 

0. go 
1 .oo 

A s im i l a r  development can be made f o r  modes e x i s t i n g  i n  the d ie lec-  
t r i c  only.  
p a r t i a l l y  f i l l e d  w i t h  d i e l e c t r i c  i s  given i n  Appendix A, Section I .  
Since the equations involved were transcendental, a computer so lu t i on  
t o  the problem was made. See Appendix B, Section 1 .  

A complete analysis o f  the modes i n  a rectangular cav i t y  

L t o  7.88 i n  

1419 
1421 

1707 

2042 

2392 

2738 

3076 

3400 

3750 

4087 

4446 
4764 

The independence o f  mass pos i t i on  w i t h i n  the cav i t y  was v e r i f i e d  
by t heo re t i ca l l y  o r i en ta t i ng  the d i e l e c t r i c  along each mutual ly perpen- 
d i cu la r  ax is  and performing p a r t i a l  loading w i t h  respect t o  each ax is .  

The computer program was run on two rectangular tanks. The ca lcu lat ions 
were made neglect ing loss tangent e f fects .  ( i .e . ,  B y  the mode 
reduct ion value, equals 1.) Tank one had dimensions o f  7.88'' X 1811 X 35.2'' 
and was f i l l e d  w i t h  a d i e l e c t r i c  having cr  = 2.25. 
i n  Figure 3-2 and Table 3-1. 

The resu l ts  are shown 

TABLE 3-1 

LOADING DEPENDENCY RECTANGULAR CAVITY 

Resor 

L t o  18 i n  

1419 
1426 

1733 
2039 

2388 

2745 

3078 

3412 

3759 
4093 

4424 

4764 

1 t Count 

A t o  35.2 i n  

1419 
1431 

1745 
2080 

241 7 
2745 

309 1 
3428 

3767 
4095 

4438 
4764 

Volume Dependency 

1423 

1431 
1700 

1995 
2300 

2605 

2890 

3290 

3680 

4020 

4420 

478 1 
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FRACTIONAL FILLING - a 

FIGURE 3-2 
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The second ire 

o f  the tank I 

Resonant Count 

0.0 
0.1 
0.2 

0.3 
0.4 
0.5 
0,6 

0.7 

0.8 

0.9 

292 
362 
428 

509 
579 
654 
724 
798 
863 
944 

1, t o  15.36 'in to 15.36 i n  
. .  

292 
360 
43 0 
51 1 

577 
658 
722 
80 4 

871 
95 1 

Volume Dependency 

296 

3 56 
420 
482 
55 1 
62 1 

696 
775 
857 
93 5 

The data shows t h a t  the resonant count versus f r a c t i o n a l  f i l l i n g  i s  l i n e a r  
and tha t  the resonant count i n  a p a r t i a l l y  f i l l e d  cav i t y  i s  indeed Indepen- 
dent o f  d i e l e c t r i c  pos i t ion .  The 1.00 f r a c t i o n a l  fi-ll po in t  i s  not i d e n t i -  
ca l  i n  a l l  o r ien ta t ions  due t o  variance i n  the stepping funct ion in the 
computer program. 
dependency formula developed i n  Phase A. 

An i n te res t i ng  comparison can be made t o  the volume 

I t  can be seen tha t  a good correspondence ex i s t s  betwee 
ency formula and the resu l ts  obtained b y - a  d i r e c t  ca lcu 
of  resonances w i t h i n  the cav i ty ,  f o r  the empty aryl f u l l  

olume depend- 
of the number 
g cases. How- 

i l l i n g  po int .  
s a d i s t i n c t  non l i nea r i t y  i n  the volume dep e formula. This 

aximum deviat ion a t  the 50% f r a c t i  

3.3 

alysis of a r i g h t  c i r c u l a r  c y l i n d r i c a l  cav i t y  was made i n  Phase A 
va r ia t i ona l  techniques. A computer program was w r i t t e n  t o  ca lcu la te  
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the modes i n  a p a r t i a l l y  f i l l e d  cavi ty.  The equations f o r  
resonance are given as: 

-1/2 d 1  

L w L ’ 2pn 
TE 

mnP 

... [ 1 - >s in  - 
L r 

m = 0,1,2;.. 

n = 1,2,3,.. 

1 /2 -c d ( 1  -:)I 1 

r mnp a w TM 

m = 0 , 1 , 2 , 3 , . .  

n = 1,2,3,.. 

p = o  

For a complete development of the modes i n  a c y l i n d r i c a l  cav i t y  
by use o f  the va r ia t i ona l  technique, see Appendix A, Volume 1. 
The loading dependence f o r  a c y l i n d r i c a l  cav i t y  f i l l e d  w i t h  a mater ia l  
having a d i e l e c t r i c  constant o f  2.25 i s  shown i n  Figure 3-4. Although 
the curve i s  nonl inear i n  nature, the empty and f u l l  values are i n  c lose 
agreement w i t h  the volume dependence formula. Since the var ia t iona l  
technique i s  the basis f o r  the development o f  the volume dependency formula, 
a c lose agreement w i t h  the end points  and curve form would be expected. 

Because of the nonl inear nature o f  both loading curves f o r  the c y l i n d r i -  
ca l  cav i ty ,  two basic questions had t o  be answered: 1) i s  the nonl inear 
loading response due t o  the geometry o f  the tank o r  2) i s  the nonl inear 
loading response due t o  the volume dependence and the va r ia t i ona l  tech- 
nique? I n  order t o  resolve t h i s  problem an exact so lu t i on  t o  a p a r t i a l  
loading c y l i n d r i c a l  tank was attempted. 
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As i n  the rectangular cav i ty ,  two d i s t i n c t  set  of resonances e x i s t  i n  the 
cav i ty ;  resonances having standing waves i n  both the l i q u i d  and the a i r  
and resonances having standing waves i n  l i q u i d  tha t  are supported by 
exponential type waves i n  the a i r  d i e l e c t r i c .  See Figure 3-5. The 
equations f o r  resonances having standing waves i n  both the d i e l e c t r i c  
and a i r  are: 

For TM modes: 

2 w 2  
k2 + (+) = Er (;) 

k2 s i n  k2c cos k b + E k cos k c s i n  k b = 0 1 r 1  2 1 

For TE Modes: 

2 2 

k; + (+) = (t) 
2 I 2  

k2 + ($i = Er (fi 
k2 cos k2c s i n  k b + kl s i n  k c cos klb = 0 1 2 

For resonances having standing waves i n  the d i e l e c t r i c  we have: 

For TM modes: 

2 u 2  
-k: +(+) = (;) 

2 2 

k i  + (>) = (t) 
k s i n  k2c cosh k,b - Erkl cos k2c s inh klb = 0 2 
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For TE modes: 

k2 cos k2c s inh klb + kl s i n  k c cosh klb = 0 2 

A complete so lu t ion  and development o f  the p a r t i a l l y  f i l l e d  c y l i n d r i -  
ca l  cav i t y  w i l l  be found i n  Appendix A, Section 1 1 .  The exact solu- 
t i o n  t o  a p a r t i a l l y  f i l l e d  c y l i n d r i c a l  cav i t y  was obtained through 
the use o f  a computer program. 
o f  an 0.15448 meters radius, 0.49434 meters height c y l i n d r i c a l  
tank when f i l l e d  w i t h  a mater ia l  having a d i e l e c t r i c  constant o f  2.28. 
The immediate conclusions t h a t  can be drawn from the data i s  tha t  the 
volume dependency formula and the va r ia t i ona l  technique developed i n  
Phase A does not provide an adequate mathematical model f o r  a r i g h t  
c i r c u l a r  cy1 inder. Secondary-conclusions are: 1) the loading depen- 
dence i s  1 inear, and 2) there i s  good correspondence between the 
volume dependence formula and the exact so lu t ion 's  end points .  

Figure 3-6 shows the loading dependence 

3 . 4  Analysis Spherical Cavi ty 

The basic development of the modes tha t  e x i s t  i n  a spher ical  
cav i t y  can be found i n  Volume 1,  Appendix B. This development i s  
su i tab le  only f o r  determining the number of resonances i n  an empty , 

or  f u l l  spher ical  cav i ty .  The comparison o f  the empty and f u l l  resonant 
count w i t h  the volume dependency formula i s  i n  good agreement as i n  
the case o f  the rectangular and c y l i n d r i c a l  c a v i t i e s .  Ext ract ing 
from Volume 1, Appendix B we can compare the resonant count obtained 
using both techniques f o r  a spher ical  cav i t y  7 f e e t  i n  diameter. 

Volume Dependence Formula 

N = 1,382 resonances 
empty 

= 1,881 resonances 

S phe r i ca 1 Cav i t y So 1 u t  i on s 

N f u l  1 

N = 1,326 resonances 
emp t Y  

= 1,817 resonances Nful 1 
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FIGURE 3-7 

SPHERICAL CAVITY PARTIALLY FILLED WITH DIELECTRIC 

A complete development of the characteristic equations needed to 
determine the modes is found in Appendix A, Section 1 1 1 .  
The necessary equations for resonances are: 

For TEr modes: 
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where 

kl =w7/ETi;;-- 

A A 

I n  the above equations, Jn and Nn are spher ical  Bessel functions. 
The so lu t i on  o f  the p a r t i a l l y  loaded spher ical  cav i t y  must be 
performed w i t h  the a i d  o f  a computer. Due t o  the complexity o f  
t he  computer program and the i n d i r e c t  app l i ca t ion  of t h i s  type tank 
conf igurat ion t o  the THERM0 tank geometry no fu r the r  development 
was performed i n  t h i s  area. 

3.5 Analysis Arbr i  ta ry  Cavi t ies of Revolut ion 

A p a r t i c u l a r  problem i n  the study of modes i n  qeneral cav i t i es  
has been the extension of the wave equations f o r  rectanqular, 
c y l i n d r i c a l  o r  spher ical  tanks t o  cav i t i es  o f  revolut ion.  

Previously t h i s  problem has been solved by representing a cigar-shaped 
cav i t y  (see Figure 3-8) by a cy l inder  of  equal volume. The number o f  
resonances are found f o r  the cy l inder  and then Postulated t o  be equal i n  
number t o  those o f  the cigar-shaped cavi ty.  An a l te rna te  so lu t i on  i s  t o  
separate the cav i t y  i n t o  two hemispheres and a cy l inder  and t o  obta in  the 
t o t a l  number o f  resonances by adding the modes f o r  each separate section. 
This technique has been shown to be approximately correct  f o r  several 
d i f f e ren t  cylinder-hemisphere combinations. However, the  loca t ion  o f  
probes, e f fec ts  o f  reentrant sections, p red ic t i on  o f  fue l  loading 
charac ter is t i cs ,  etc:, are hampered by the lack o f  knowledge o f  the 
f i e l d  d i s t r i b u t i o n  w i t h i n  the cav i ty .  

A set  o f  wave functions, which are appropr iate f o r  general volumes o f  
revo lu t ion  such as cigar-shaped c a v i t i e s  are those o f  modes o f  revolut ion.  
These modes cons t i t u te  a po r t i on  o f  a more general c lass o f  modes having 
an azimuthal dependence. The modes o f  revo lu t ion  do not  have a 41 o r  
azimuthal dependence and are general ly the dominant o r  lowest frequency 
modes o f  t h i s  cav i ty .  

The modes o f  revo lu t ion  are d iv ided i n t o  two types. Modes o f  the f i r s t  
type are c a l l e d  meridian magnetic modes, and are character ized by the 
magnetic f i e l d  l y i n g  e n t i r e l y  i n  the  meridian plane. The associated 
e l e c t r i c  f i e l d  i s  perpendicular t o  the meridian plane. Here, the  elec- 
t r i c  f i e l d  i s  given by g u ) (r,z) u and the magnetic f i e l d  by Vx (g 
Our func t ion  g,(r,z) satasf ies tG d i f f e r e n t i a l  equation. m - 4  
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with the boundary condition = 0 on on the walls. 

igenvalues for each eigen The 
cy of each mode is given 

Km fr =- 
2 l T 6  

where 1.1 and E are the pertinent parameter 

For modes of the second rype or meridian electric modes, the electrical 
field lies entirely in the meridian plane with the associated magnetic 
field perpendicular to the meridian plane. The magnetic field is given 
by h (r,z) ana the  electric2 field by Ox (nm % I .  This function 
h aTso sati3ies Equation 3-9 with the boundary conditions now being 

of the cavity material. 

m 
a (hmr) 

= o  - 
a r  

on the wails, h = 0 on the axis. Again, there exists a set of 
resonant f reqLteRc i es g i ven by : 

A solution for t h e  i?~a correct 'IfiZM" and "ME" modes for a cigar-shaped 
cavity of variable aspect ratio (i/D) 
3-10. It can be seen from these figures that with a knowledge of the 
field distribution, probe placement for coupling to the electric or 
magnetic field i s  straightforward. Without this knowledge, the place- 
ment becomes largely a hit or miss procedure with little or no possibility 
for optimum field coupling. 

i s  shown in Figures 3-9 and 

The effect of dielectric material in the cavity can also be studied and 
a connection obtained between the amount and placement of this material 
and the resonant count for the cavity. This information can then he used 
to predict the loading response for partially filled cavities and to check 
the predictions made by assuming the loading dependence to follow a 
general function independent of tank geometry. A check may also be 

of geometry changes on the overall excitation 
to provide a more complete catalog on shapes 

or RF Gaging System application. 

be noted that the cigar-shaped cavity is only one of many figures 
ion for which the field distribution and resonant frequencies 
nd. Tanks having inward convex surfaces, doubly-connected 
toroidal shapes, themselves to an analysis of the 

tY 

3-1 7 



3-78 



A fu r the r  use fo r  s e t t i n g  up the modes o f  revo lu t ion  i s  the s i m i l a r i t y  
i n  the boundary condi t ions g, = 0 o r  ag,/an = 0 on the wa l ls  o f  the 
container, w i th  those f o r  acoust ic modes i n  the same c a v i t i e s .  
has been shown by Roe(2) t h a t  f o r  rectangular, c y l i n d r i c a l ,  spher ical ,  
prism, h a l f  cy l inder ,  and hemispherical shaped c a v i t i e s  t h a t  

I t  

4nVf3 nAf2 
N ( f )  =-+ - + f o r  IJJ = 0 on wa l ls  

3c3 4c2 

4nVf3 nAf2 a$ 
= - -  - f o r -  = 0 on wa l ls  (3-  10) 

4c 3 4c2 an 

where 

o r  

4n2f2 
V q J  + - $ = o  

C2 

8nVf 

3c3 
N ( f )  = - f o r  both classes (3- 12) 

I f  our modes can be shown t o  belong t o  t h i s  c lass also,  then a strong 
case may be made tha t  tJ i s  dependent on ly  on the volume and frequency 
o f  exc i ta t i on  as given i n  Equation 3-12 f o r  an empty cav i ty .  

This i s  very important, as we now can be assured tha t  i f  a l l  modes 
are separable, o r  detectable i n  a cav i t y  then the e f f e c t  o f  cav i t y  
perturbat ions can be analyzed on the basis o f  volume alone, i f  the 
per turbat ion i s  me ta l l i c .  

By add i ng the genera 1 i zed 1 oad i ng dependen 
d i e l e c t r i c  constants and mass of mater ia l  
re la t ionsh ip  fo r  the exc i tab l  resonances i n  a cavi 
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3.6 

Section I .  A carefu l  study o f  the f i e l d  patterns shows tha t  f o r  a trans- 
mi t ted  energy system; i.e., one e x c i t a t i o n  probe and one detect ion probe, 
the probes should be 180° apart  w i t h  respect t o  the 8 coordinate of 
the cy l inder .  A l l  t h a t  remalns i s  to determine the optimum probe lo 
along the z and r axis.  

The optimum loca t ion  of the probe along the z axis  o f  an empty r i g h t  
c y l i n d r i c a l  tank i s  determined by f i r s t  f i nd ing  the highest number 
o f  p var ia t ions  o f  the I7Mmn 'I o r  "TE * I  modes f o r  the frequency band 
used. D iv id ing  the height o? the tanEngy two times the value o f  the 
highest p, gives the optimum distance from the end o f  the tank t o  

- the  highest p mode. A l l  o f  the lower p modes (p greater  than 0 )  
w i l l  be coupled i n t o  the tank a t  t h i s  po in t  a t  leas t  s l i g h t l y .  
t o  couple i n t o  lower p modes be t te r ,  the  loca t ing  po in t  i s  modif ied 
by mu l t i p l y ing  by 1.414. 

i n  order 

I n  equation form: 

L.P. = (d/2p) 1.414 

where p i s  defined as the number of half-wavelength var ia t ions  o f  the 
f i e l d  i n  the z d i r e c t i o n  and L.P. i s  def ined as the loca t ing  po in t  from 
the bottom o r  top o f  the cy l inder .  

The optimum loca t ion  f o r  the probe r a d i a l l y  can be determined by 
inspect ion of the f i e l d  equations. This requires a t r i a l  so lu t ion .  

Take the f i v e  highest Bessel zeros (Xmn) tha t  w i l l  be encountered 
i n  the frequency range used f o r  both I'TE" and I'TM'' modes, and deter-  
mine Xmns w i t h  the two lowest m's (usual ly m = 0 o r  1 ) .  

For example: 

a) Xo4 = 11.792 

b) X23 = 11.620 

Finding the value o f  Xm(,,-,) we have: 

a) Xo3 = 8.654 

b) Xz2 = 8.417 

Solve the fo l low ing  expression for R i n  each case: 
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where: 

A = radius o f  cy l i nde r  

R = 8.654 (A) / 11.792 - 0.734A 

R = 8.417 (A) / 11.620 - 0,725A 

The largest  R gives the desired case. Next f i n d  the hal f -d is tance 
from the edge o f  the cy l i nde r  f o r  the given R where: 
as the hal f -d is tance from the edge o f  the cy l i nde r  

H.D. i s  defined 

H.D. = (A - R ) /  2 

For our case: 

H.D. (A - 0.734A)/ 2 

This resu l ts  i n  the best probe locat ion for  the mode f o r  which the zero 
occurs nearest the edge ( a l l  have t o  go t o  zero a t  the edge). Again, 
m u l t i p l y  the H.D. by 1.414 t o  g ive  a pos i t i on  w i th  be t te r  coupl ing t o  
other modes wi thout  ser ious ly  a f f e c t i n g  worst case mode coupling. 

The pos i t i on  determined may not be phys ica l l y  rea l i zab le  unless probes 
can ac tua l l y  be located w i t h i n  the tank. While t h i s  pos i t i on  i s  optimum 
f o r  coupling t o  a l l  modes, the coupl ing may be so weak tha t  the mode i s  
nondetectable. Nevertheless, probes i n  t h i s  v i c i n i t y ,  whether along the 
cy l inder  wal l  o r  end, have experimental ly been coupled t o  a major i t y  o f  
the maximum number of  resonances (90% o r  greater) .  

3.7 Development of Volume Dependence Formula - 
I n  order t o  es tab l i sh  an independence of resonant count t o  cav i t y  
geometry and develop a volume dependence re la t ionsh ip  tha t  would b e t t e r  
f i t  the theore t ica l  data, computer programs were run on two equal 
volume cav i t i es  having d i f f e r e n t  geometries. The two geometries chosen 
were rectangular and c y l i n d r i c a l  w i t h  volumes equal t o  those o f  the 
l / 3  scale THERM0 tank. The rectangular tank had the fo l low ing  dimensions 
15.36" X 9.6" X 15.36'' and the cy I indr ica1  cav i t y  had a radius of 
0.15448 m and a height o f  0.49434 m. Table 3-3 shows the f r a c t i o n a l  
loading dependence when the c a v i t i e s  are f i l l e d  w i t h  a p rope l lan t  having 
a d i e l e c t r i c  constant of 2.28 (Benzene). The ca lcu lat ions were made 
neglect ing loss tangent effects. Therefore, B, the mode reduct ion value, 
equals 1. 
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TABLE 3-3 

~ 

292 

360 

430 

51 1 

577 
658 
722 

804 

871 

951 

1022 

LOAD I NG DEPENDENCY 1 /3 SCALE' THERM0 TANK 
I 

Frac t i ona 1 
F i  1 1 i ng 

0.0 

0.1 

0.2 

09 3 
0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

t o  15.36" 
Re 5 ona I 

t o  9.6" 

292 

362 

428 

509 

579 
654 
724 

798 
863 
944 

1008 

Count 
Cy1 inder 

. 288 

353 
434 
507 

574 
65 1 
719 
793 
867 I 

943 
1014 

Volume Dependency 

296 

356 
420 

482 

55 1 
62 1 

696 
775 
857 
935 

1015 

Again,;the volume dependence formula developed during Phase A i s  i n  
error.. The key t o - t h e  refinement o f  the volume dependence formula 
l i e s  i n  fhe containment o f  s p e c i f i c  mode sets w i t h i n  the propel lant  
d i e l e c t r i c  and the a i r  d i e l e c t r i c ,  The number o f  
resonances contained i n  the propel lant  d i e l e c t r i c  i s  d i  r e c t l y  proport ional  
t o  the d i e l e c t r i c  constant o f  the propel4ant and as the propel1,ant 
f r a c t i o n a l  f i l l i n g  increases, the number of resonances must increase i n  
a l i n e a r  manner. Therefore, the volume dependence formula must be 
modif ied.accordingly. Since the empty and f u l l  cases agree i n  a l l  
instances, the f r a c t i o n a l  f i l l i n g  dependence "a" must be i n  e r ro r .  
The basic formula developed i n  Phase A i s :  

See Appendix A. 

For the empty case t h i s  reduces to: 

3 312 
8 r V  

3c3 
N = -(f2 - fl)C11 

For the  f u l l  case t h i s  reduces to: 

3 312 
8rv ' 

N = -(f2 - f,)Er 

3c3 
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I n  both cases 
o f  the volume 
dependence as 

, "a" the f r a c t i o n a l  f i l l i n g  has been removed. 
dependence formula f o r  f r a c t i o n a l  f i l l l n g  shows a 3/2 a 
the va r ia t i ona l  technique a lso  indicated. I f  the 

f r a c t i o n a l  f i l l i n g  i s  to be l inear ,  as the exact cav t t y  so lut ions s 
the basic formula must be modif ied.. Postu la t ing a new volume dependence 
formul a we have: 

N = No [ l  + ( E ~  3'2- 1)a l  

where : 

8nV 
No a-(f2 - f;, . 

3c 3 

A comparison o f  the loading dependence generated by the postulated 
formula w i t h  the exact so lu t i on  o f  the equivalent volume tanks i s  given 
i n  Table 3-4. 

- - 

. Fract ional  
F i 1 1 ing 

0.0 

0.1 

0.2 

0.3 
0.4 
0.5 

0.6 

0.7 
0.8 
0.9 

1 .o 

TABLE 3-4 

COMPARISON OF MODIFlED VOLUME DEPENDENCY FORMULA - ------ -- 

I- t o  15.36" 

292 
360 
430 
51 1 

5 77 
658 
722 
80 4 
87 1 

95 1 
1022 

I 

1 t o  9.6" 

292 
362 
42 8 
509 
579 
654 
724 
798 
863 
944 

I 008 

:sonance Count 

Cy1 inder 
i Modif ied 

288 

353 
434 
50 7 
574 
65 1 

719 
79 3 
867 
943 

1014 

Volume Dependence 

296 
368 
440 

513 
584 
656 
728 
80 1 

872 
945 

1015 

It can be seen t h a t  a good correspondence now ex i s t s  between the 
exact so lut ions and the approximate volume dependence so lut ion.  
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3.8 Resonance D i s t r i b u t i o n  Versus Frequency Band 

The Phase A repor t  s ta ted tha t  the d i f f e r e n t i a l  number o f  resonances 
dN, exc i ted i n  a cav i t y  f o r  a f i x e d  frequency band should fo l l ow  the 
re la t ionship,  

2 dN 

d f  
- -  - coristant x f 

This re la t ionsh ip  i s  based on the volume dependence formula and a 
p l o t  o f  the re la t ionsh ip  i s  shown i n  Figure 3-11. I t  was postulated tha t  
i n  a matched tank the resonance d i s t r i b u t i o n  would fo l low the d i f f e r e n t i a l  
d i s t r i b u t i o n  curve. Since an exact mode so lu t i on  was obtained 
through the use o f  computer programs, i t  was des i rab le t o  p l o t  the actual  
resonance d i s t r i b u t i o n  f o r  a cy1 i n d r i c a l  cavi ty.  The d i f f e r e n t i a l  resonance 
d i s t r i b u t i o n  f o r  the standard c y l i n d r i c a l  cav i t y  i s  shown i n  Figure 3-12. 
I t can be seen t h a t  a leas t  squares approximation t o  the actual  resonance 
d i s t r i b u t i o n  does agree w i t h  the postulated mode d i s t r i b u t i o n .  That i s .  
the average resonance d i s t r i b u t i o n  does fo l l ow  a square law. P lots  were made 
of the resonance d i s t r i b u t i o n  f o r  p a r t i a l  f i  1 1  ings o f  the standard c y l i n d r i c a l  
cav i t y  w i t h  both Benzene and LH2 
fi 11 ings, the resonance d i s t r i bu t i ons  fo l lowed the square law response. What 
remains t o  be proven i s  t h a t  a resonance d i s t r i b u t i o n  t h a t  fo l lows ;he square 
law response i s  i nd i ca t i ve  of a matched tank. This w i l l  be shown i n  
Paragraph 3.10 and the experimental sect ion o f  t h i s  report .  

I n  a l l  cases f o r  each o f  the p a r t i a l  

3.9 Mpde Merging and 'Q' Dependency 

Up t o  t h i s  po in t  we have considered only  ideal  cases w i th  regard 
t o  resonant count "N"' versus f rac t i ona l  f i l l i n g  "a". I n  actual  pract ice,  
i t  would be impossible t o  detect and count eacn and every mode due t o  
mode degeneracies and ind iv idua l  mode overlap. Mode degeneracies. 
being defined as modes t h a t  e x i s t  a t  the same frequencies, and mode 
overlap being defined as the merging o f  modes due t o  f i n i t e  mode "Q". 

Figure 3-13 shows the upper and lower bounds t h a t  the resonant count can 
have due so le l y  t o  mode degeneracies, ie ;  a i n f i n i t e  system "Q" i s  
s t i l l  being assumed. These bounds were establ ished through the 
analysis o f  the exact so lu t i on  of the number of modes contained 
i n  a c y l i n d r i c a l  cav i ty .  Note t h a t  the upper bound i s  i n  agreement w i th  
the postulated volume dependence formula. This Is the maximum poss ib le  
number o f  resonances that  could e x i s t  i n  a cav i ty .  

The lower bound i s  i nd i ca t i ve  o f  the loading response t h a t  would e x i s t  
i f  the cav i t y  were a per fec t  cy l inder  s ince the degeneracies would be 
inseparable. I n  essence, bounds have been establ ished which include 
the d e t e c t a b i l i t y  o f  mode degeneracies. I n  an actual  tank such as the 
S - I V B  or THERMO, the nonsymmetrical geometry as we l l  as the  in te rna l  
perturbat ions would cause a po r t i on  o f  the mode degeneracies t o  s p l i t  
and the loading curves would be contained somewhere w i t h i n  the bounds 
shown i n  Figure 3-13. 
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The second phenomenon o f  concern i s  t h a t  o f  resonance merging due t o  
over lap o f  adjacent resonances. 

The over lap o f  adjacent resonances Is caused by f i n i t e  resonance "Q" due to 
cav i t y  absorption o f  RF energy. "Q" i s  a measure o f  the sharpness of response 
o f  the cav i t y  t o  external  exc i ta t ion .  
re la tes  the  energy stored i n  the cav i t y  t o  the energy loss per cycle.  

See Figure 3-14. 

The common d e f i n i t i o n  of  l1Qt1 

Q=L( energy stored ) 
2~ energy loss 

For a r e a l i s t i c  system, a l l  system losses must be considered. The t o t a l  
o v e r a l l  system "Q" f ac to r  from a1 1 loss sources i s :  

1 1 1 1 - - -  - + -  + -  
Qsys tern Qtank Qd i e 1 ec t r i c Qexternal 

"Q'l i s  d i r e c t l y  re la ted  t o  the loss tangent; therefore:  

tan6 system = tan6tank tansd ie lec t r i c  + tansexternal 

where tan6 external  includes cable losses, generator "Q", and 
connector losses. A complete discussion o f  "Q" e f f e c t s  can be found 
i n  Volume I Appendix F. I n  order t o  determine the e f f e c t s  o f  resonance 
overlap, a computer program was developed t h a t  would compute the trans- 
f e r  charac ter is t i cs  of a resonant cav i t y  when two adjacent resonances 
overlap. Transfer charac ter is t i cs  were determined f o r  adjacent resonances 
having var ia t ions  i n  resonance "Q", resonance amp1 i tude, and resonance 
separation frequency.' Appendix C ,  Section I I  shows the t rans fer  charac ter is t i cs  
o f  a number o f  adjacent resonances having a va r ie t y  o f  parameter var ia t ions .  
I n  a l l  cases, the system 'IQ" o r  t o t a l  "Q" has been used. Inspection 
o f  these curves al lows the formulat ion o f  a f i g u r e  o f  mer i t  concerning 
the proport ions o f  resonance overlap. 

Figure 3-15 shows two adjacent resonances and the i n te r re la t i onsh ip  
between the resonances. 

nts 

RESONANCE OVERLAP DEFINITION 
FIGURE 3-15 
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The h a l f  power po ints  o r  3dB points,  A f l  and A f 2  can be re la ted  t o  the 
resonance "Q" by the f o l  lowing expression: 

fl 

Ql 

A f ,  = -  

- f2 

Q2 

A f 2  -- 

The separation of the adjacent resonances S f  = r z  - F1 can now be used 
i n  conjunction w i th  the resonance "Q" t o  determine the overlap fac to r ,  
Df , between the two reS,onances; t h a t  1s 

o r  

I L 

This expression fo r  resonance separation provides a f i g u r e  o f  mer i t  w i t h  
regard to resonance d e t e c t a b i l i t y  t h a t  i s  d i r e c t l y  re la ted  t o  resonance 
"Q". 
and resonance over lap i n  a s t a t i s t i c a l  manner t h a t  i s  i nd i ca t i ve  o f  the 
actual  d e t e c t a b i l i t y  o f  the resonances. The development o f  such a 
s t a t i s t i c a l  program w i l l  be discussed i n  Paragraph 3.10. 

What now remains i s  t o  combine the e f f e c t  o f  resonance degeneracies 

3.10 Development o f  S t a t i s t i c a l  Representation 

I n  order t o  formulate an empir ical  re la t ionsh ip  between the actual  number 
of resonances detectable i n  a cav i t y  and resonances merging, experimental 
data on a c y l i n d r i c a l  cav i t y  was analyzed w i th  respect 
predic t ions.  A computer program was run on a c y l i n d r i c a l  cav i t y  
22.875 cm i n  radius and 54.8 cm i n  height.  Ind iv idual  resonances were 
i d e n t i f i e d  as being e i t h e r  "TE" o r  I'TM", degenerate o r  nondegenerate, 
separate or ident ica l  frequencies. A summary o f  the breakdown f o r  the 
cav i t y  exc i ted  i n  the frequency band o f  1-2 GHr and f i l l e d  w i t h  a 
d i e l e c t r i c  o f  2.28 i s  given i n  Table 3-5. 

t o  theore t ica l  
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TABLE 3-5 

Condit ion/Fractional F i l l i n g  a = 0.0 a = 1.0 

Number o f  Resonances lnc lud ing Degeneracies 
Number o f  Separate "TE" and I'TM'' Resonances 
Number o f  Ind iv idual  Separate Frequencies 

659 
355 
333 

190 
106 
99 

An experimental cav i t y  was constructed and exc i ted over the frequency 
band 1-2 GHz. The resonance pa t te rn  was recorded by means o f  a s t r i p  
char t  and a d i r e c t  comparison o f  the theore t ica l  resonance frequencies 
t o  the experimental resu l ts  made. Table 3-6 shows the comparison made 
f o r  the empty standard c y l i n d r i c a l  cav i ty .  

TABLE 3-6 

RESONANCE D I S T R I B U T I O N  STANDARD CYLINDRICAL C A V I T Y  

Frequency (GHz) 

1.0 - 1 . 1  

1 . 1  - 1.2 

1.2 - 1.3 

1.3 - 1.4 

1.4 - 1.5 

1.5 - 1.6 

Resonance 
Analysis 

6 

13 

12 

15 

17 

25 

1.6 - 1.7 17 

1.7 - 1.8 26 

1.8 - 1.9 27 

1.9 - 2.0 32 
- -- - - - - 

I 
190 i TOTAL 

. .  

iun t (Empty ) 
Experimental 

6 

14 

12 

14 

15 

25 

15 

29 

26 

28 

184 
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EXACT COMPUTER SOLUTlON - STANDARD CYLINDRICAL CAVITY 
BESSEL 

0-4000'OE 01 0-lOOOOE 01 0-53180E 01 0o10000E 01 0.114255 10 0-40886E 05 1 10 

0*00000E-10 OeZOOOOE 01 0,55200E 01 OolOOOOE 01 0*11834E-10 0e52011E OS 2 19 

OIQOQOOE 01 0~10000E 01 0.75880E 01 0,00000E-05 0o15827E 10 0077862E 05 2 82 
Om10000E 01 0-10000E 01 0o38320E 01 0s50000E 01 0015841E 10 0-60175E OS 2 84  

-_ - 
FIGURE 3-16 
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A number of observations can be made: 1 )  the average modal frequency 
d i s t r i b u t i o n  compares favorably w i t h  the predic ted d i s t r i b u t i o n ,  2) 
t o t a l  number o f  resonances i s  i n  correspondence w i t h  the theore t ica l  
maximum, and 3) 
degenerate resonances s p l i t .  A care fu l  study o f  the resonance pa t te rn  
obtained y ie lded a number o f  general guidel ines t o  determine whether 
o r  not  a ce r ta in  set  o f  resonances would be phys ica l l y  detectable. 
computer program, Figure 3-16, contains a number o f  resonance sets i n  
which "TE" and ''TM'' resonances exis't a t  the same ident ica l  frequency 
w i t h  the "TE" resonances being degenerate t o  i t s e l f .  The four'  blocks 
o f  the f i g u r e  shows the cases where the TE(2) and TM(1) resonances 
occur a t  the same frequency ( f )  thus having a maximum number o f  three 
resonances occurr ing a t  one frequency. However, since they occur a t  
the same frequency they are not a l l  r ead i l y  detectable. 

This implies t h a t  a maximum number o f  three (3) resonances can possibly 
e x i s t  a t  t h i s  frequency and t h a t  a minimum number o f  one ( 1 )  resonance 
be detectable. Careful study o f  t h i s  p a r t i c u l a r  resonance se t  by use 
o f  s t r i p  charts shows tha t  i n  a ma jo r i t y  o f  instances, the set  o f  three 
resonances is detected as two. A second case o f  i n t e r e s t  i s  one i n  
which ind iv idua l  resonances are  q u i t e  c lose t o  each other.  Because o f  
the f i n i t e  system "Q", these resonances tend t o  merge together and be 
counted as one. Study o f  experimental data i n  conjunct ion w i th  the 
resonance t rans fer  charac ter is t i cs  prev ious ly  developed (See Appendix 
C, Section I I ) ,  i ns t iga ted  a se t  o f  weighing factors  tha t  could be 
appl ied t o  the maximum theore t ica l  resonance count. These weighing 
factors  would modify the theore t ica l  resonance count t o  a p r a c t i c a l  
obtainable resonance count. The weighing factors  incorporat ing the 
empir ical  resu l ts  obtained on the standard c y l i n d r i c a l  cav i t y  are: 

the 

due t o  the const ruct ion o f  the c y l i n d r i c a l  cav i ty ,  most 

The 

For Degenerate Resonance Sets 

a) For a l l  degenerate resonance sets where Overlap fac to r  i s  pos i t i ve ,  
the weighing fac to r  i s  two (2). 

b) For a l l  degenerate I'TE'' and I1TM" resonance sets whose overlap fac to r  
i s  pos i t i ve ,  the weighing fac to r  i s  two (2) .  

c) For a l l  degenerate mode sets whose over lap fac to r  i s  negative, 
the fo l low ing  cases apply; 

1 )  i f  (F2 - F1) >I2 x DFI the weighing fac to r  i s  one ( 1 )  

2) if (F2 - F1) 512 x DF] the weighing fac to r  i s  zero (0) 

For Non-degenerate Resonance Sets 

a) For a l l  non-degenerate resonance sets whose over lap fac to r  i s  
negative, the weighing fac to r  i s  zero (0).  

b) For a l l  non-degenerate resonance sets whose overlap fac to r  i s  
pos i t i ve ,  the weighing fac to r  i s  one (1). 
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A computer program was w r i t t e n  t h a t  combined the exact resonant f re -  
quency so lu t i on  t o  a c a v i t y  and the weighing factors .  
weighing factors  are "Q" dependent, t h i s  allowed f o r  the establishment 
o f  a loading dependence that  i s  "Q" dependent. 
i n  conjunction w i t h  c y l i n d r i c a l  and rectangular tanks tha t  were 
equivalent i n  volume t o  the Phase A THERMO tank and the Phase B THERM0 
tank as we l l  as other simulated spaqecraft type tanks. 
programs were run f o r  the fo l l ow ing  d i e l e c t r i c s ,  L iqu id  Hydrogen, LH2 
(1.23), L iqu id  Nitrogen, LH2 (1.46) and Benzene (2.28). 
values 
ranged from 1 t o  4 GHz. 
f o r  t{standard c y l i n d r i c a l  c a v i t y  a re  shown i n  Figures 3-17 through 
3-20, using the average "Q" value. 

Since the 

This program was used 

The computer 

System "Q" 
anged from 0 t o  500 snd the frequency bands o f  RF e x c i t a t i o n  

The loading dependence ( s e n s i t i v i t y )  curves 

The most important conclusion tha t  can be made from these p l o t s  i s  
t h a t  the system s e n s i t i v i t y  o r  loading dependence can be determined 
f o r  a propel lant  tank having a f i n i t e  system ''Q". The system "Q"; 
being defined as: 

1 1 1 1 
s -  + -  + -  - 

Qsys tem Qtank Qd i e l  e c t r  i c Qexternal 

where the external  "Q" includes the e f f e c t s  o f  cable losses, probe 
losses, and RF generator losses. The graphs show tha t  when the system 
"Q" i s  low (1000 t o  S O O ) ,  the loading response becomes nonlinear 
regardless o f  the d i e l e c t r i c  used i n  f i l l i n g  the cav i ty .  

By observing the loading response o f  a given tank f o r  various 
frequency ranges, a lower frequency bound can be establ ished. For 
example, a computer program was executed f o r  a c y l i n d r i c a l  tank 
equivalent i n  volume t o  the 1/3 scale THERMO tank, p a r t i a l l y  f i l l e d  
w i t h  LH2, and exc i ted i n  the frequency bands 1-2 GHz, 2-4 GHz, and 
1-4 GHz. Inspection o f  the loading dependence curves, Figures 3-21 
th ru  3-23 points  out t h a t  the theo re t i ca l  loading dependence curve 
(Q = =) i s  extremely nonl inear i n  the frequency range from 1-2 GHz. 
The frequency range from 2-4 GHz f o r  t h i s  volume tank gives a 1 inear 
response and i t  can be concluded tha t  a lower frequency bound f o r  t h i s  
tank i s  a t  2 GHz i f  a l i n e a r  loading response curve i s  desired. 
ment o f  an upper frequency bound i s  graphica l ly  i l l u s t r a t e d  i n  the reson- 
ance d i s t r i b u t i o n  curves f o r  the standard c y l i n d r i c a l  tank p a r t i a l l y  
f i l l e d  w i t h  Benzene. Since a maximum number o f  resonances w i l l  always 
occur a t  the high f r a c t i o n a l  f i l l i n g ,  the resonance d i s t r i b u t i o n  a t  these 
points  i s  c r i t i c a l .  The resonance d i s t r i b u t i o n  curves f o r  a 90% f i l l i n g  
are shown i n  Figures 3-24 through 3-29. For various system I1Q1s1I i t  can 
be seen tha t  the resonance d i s t r i b u t i o n  deviates from the square law 
d i s t r i b u t i o n  curve a t  d i s t i n c t  frequencies. 

A dev iat ion from the square law response being defined as a po in t  a t  
which the average resonance d i s t r i b u t i o n  no longer has a p o s i t i v e  slope, 

, 

Establ ish- 
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i.e., the po in t  o f  zero slope. The 

d2N - 
F -  

For a tank having a s p e c i f i c  system 
determined as the po in t  where: 

d2N - m -  

ma thema t i  ca 1 express ion i s  : 

0 

"Q", the upper frequency 1 i m i  t can be 

0 

For the standard cy1 i n d r i c a l  tank, the upper frequency 1 i m i t  i s  p l o t t e d  as 
a funct ion o f  "Q" as shown i n  Figure 3-30. 

I n  pract ice,  the lower frequency l i m i t  i s  not  dependent on mode over lap t o  
any great extent.  Rather, i t  i s  on ind ica t ion  o f  a s u f f i c i e n t  number o f  
modes to uni formly i 1 luminate the tank i n t e r i o r .  Whether the lower f r e -  
quency l i m i t  i s  best obtained by looking a t  a loading curve f o r  octave 
bandwidths o r  by computing the t o t a l  number o f  modes up t o  the lower f re -  
quency l i m i t  has not  been determined. Present ind icat ions are t h a t  i t  
would be best  t o  se t  a lower frequency l i m i t  from the t o t a l  number o f  
modes exc i tab le  i f  the cav i ty  were sweep from the c u t o f f  frequency t o  the 
minimum sweep frequency. 

A mathematical re la t ionsh ip  has been derived f o r  the normalized mode count/ 
u n i t  bandwidth, which i s  i n  approximate agreement w i t h  the computer de- 
r i v e d  resul ts .  This r e l a t i o n  i s :  

= Theoret ical  number o f  modes exc i tab le  i n  a p a r t i a l l y  
loaded tank from c u t o f f  frequency up to frequency f. 

N = Number o f  resonances exc i tab le  f o r  a tank o f  f i n i t e  Q. 

Comparison o f  the resu l ts  of t h i s  ca lcu la t ion  and the computer calcula- 
t ions I s  shown i n  Figures 3-24, 3-25, 3-26, 3-27 and 3-28. 

This formula i s  seen t o  have an approximate agreement w i t h  the computer 
ca lcu lat ions and, therefore,  i s  a useful  too l  f o r  determining: 1)  The 
number o f  exc i tab le  modes (N ' )  and 2) The number o f  detectable resonances 
(N) up t o  a given frequency f. When the previous d i f f e r e n t i a l  formula i s  
integrated, i t  takes the form: 
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n ! n  E ,  (X)  = - y - In  x (3-16) 
n =  1 

= E x p o n e n t i a l  I n t e g r a l  

y = E u l e r ' s  C o n s t a n t  

= 05772 

A c o m p a r i s o n  be tween t h e  l o a d i n g  d e p e n d e n c e  o b t a i n d  by t h e  a b o v e  e q u a t i o n  
a n d  c o m p u t e r  - c a l c u l a t i o n s  for t h e  s t a n d a r d  cy1  i n d r i c a l  c a v i t y ,  i s  shown 
i n  F i g u r e  3-20. A s  t h e  f i g u r e  s h o w s ,  a good a g r e e m e n t  exists be tween t h e  
two t y p e s  of c a l c u l a t i o n  p r o c e d u r e s ,  

The f i n a l  c h o i c e  of method t o  c a l c u l a t e  N w i l l  depend o n  c o m p a r i s o n s  be-  
tween t h e  two methods  a n d  e x p e r i m e n t a l  r e s u l t s .  

The t e c h n i q u a d e v e l o p e d  h e r e  are p o w e r f u l  tools,  i n  t h a t  t h e y  g i v e  a means 
of e s t a b l  i s h t n g  t h e  s y s t e m  o p e r a t i n g  p a r a m e t e r s ,  . f r e q u e n c y  band a n d  s y s -  
tem s e n s i t i v i t y .  Both of t h e s e  p a r a m e t e r s  a r e  d i r e c t l y  r e l a t e d  to  t h e  
s y s t e m  "Q", w h i c h  c a n  b e  e x p e r i m e n t a l l y  m e a s u r e d  or m a t h e m a t i c a l l y  c a l c u -  
l a t e d .  

A c o m p l e t e  set of s t a t i s t i c a l  d a t a  fo r  t h e  P h a s e  A THERM0 t a n k  p a r t i a l l y  
f i l l e d  w i t h  LN2 c a n  b e  f o u n d  i n  A p p e n d i x  D. 

3- 50 



SECTION I V  

EXPERIMENTAL STUDIES 

4.1 In t roduct ion 

I n  order t o  v e r i f y  the theore t ica l  predic t ions made and t o  prove the 
f e a s i b i l i t y  o f  a Zero "GI' mass gaging system, a number o f  experiments 
were conducted on scale model spacecraft type tanks. The scale model 
tanks were tested w i t h  simulated fue ls  (Benzene and LN2) as we l l  as an 
actual fue l  (LH2). The simulated fue ls  were selected f o r  t h e i r  s i m i -  
l a r i t y  t o  the actual  f u e l l s  e l e c t r i c a l  propert ies and f o r  handling ease. 

Simulat ion o f  the expected propel lant  conf igurat ion under low g rav i t y  
condi t ions was performed by reor ien ta t ion  o f  the tank f o r  a number o f  
constant loadings. A v e r t i c a l  loading response was chosen as a b a s i s  
t o  compare experimental r e s u l t s  t o  theore t ica l  predic t ions,  since the 
loading response was theo re t i ca l l y  analyzed i n  t h i s  o r ien ta t ion .  

The object ives o f  the experimental work were: 

a) t o  v e r i f y  the pred ic t ion  t h a t  the resonant count remains 
invar ian t  w i t h  r e d i s t r i b u t i o n  o f  the d i e l e c t r i c  content. 

b) t o  co r re la te  theore t ica l  predic t ions o f  loading dependence 
w i t h  experimental resu l ts .  

c) t o  evaluate the RF gaging system under operat ing condi t ions 
t h a t  could not be determined theore t ica l l y ;  that  i s ,  s t a t i c  
,loading, inFremental pos i t ion ing ,  ..s,losh and fTow tests .  

d) t o  speci fy system design parameters that  could on ly  be 
determined experimental ly. 

The brunt o f  the experimental work was performed on two laboratory type 
tanks. Both tanks were constructed o f  aluminum and were designed t o  
incorporate the u t i l i z a t i o n  o f  an automatic f i l l  and dra in  system. Physical 
design s i ze  o f  the tanks was l i m i t e d  by handling f a c i l i t i e s  (considering 
tank weight when f i l l e d  w i th  simulated propel lants)  however, the tank 
volume was made as large as possible i n  order t o  use a lower frequency 
bandwidth. 

An aluminum, c y l i n d r i c a l  tank w i t h  f l a t  ends (18 in .  diameter by 22.312 
in .  height)  was fabr icated i n  order t o  provide a laboratory standard 
cav i t y  that  could be used t o  d i r e c t l y  v e r i f y  the theore t ica l  analysis 
performed. This laboratory standard was used t o  make basic measurements 
and was always retained i n  i t s  standard form f o r  purposes o f  performance 
conf i rmat ion and data r e p e t i t i o n .  
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A second multi-purpose aluminum tank was constructed that could be used 
for a number of various tank geometries. 
tank could be recombined so that the following basic tank shapes could 

The various sections of the 

be studied: 

a) cylindrical tank with flat ends 

b) spherical tank 

c) cylindrical tank with one external hem 

d) cylindrical tank with two external hem 

e) cylindrical tank with one internal hem 

sphere 

spheres 

sphere 

f) two-fifths scale THERMO tank complete with internal perturbations 

Figure 4-1 shows the multi-purpose tank 
configuration. All the internal perturbations are removable and bosses 
are provided for the addition o f  other perturbations not distinct to 
the THERMO tank. 

assembled to the basic THERMO 

See Figure 4-2. 

Both tanks were designed to incorporate the utilization of an automatic 
fill and drain system suitable for use with the storable simulant (Benzene). 
The automatic fill and drain system consisted of a drum reservoir with 
suitable valving for draining and filling the test tanks under pressure. 
A sight glass attached to the drum reservoir provided quantity calibra- 
tion for fractional fillings, ' W '  , in the test tanks. 

In order to provide a LH2 test fixture, the 1/3 scale THERMO tank, 
constructed for laboratory testing during Phase A of this contract, 
was selected since its smaller size would provide the least difficulty 
in terms of the thermodynamics involved in the storage of cyrogenic 
fluids. A cryostat was fabricated to insulate the 1/3 scale THERMO 
tank. The tank was stripped of all internal and external hardware and 
a fill tube, vent line and GH2 external precooling coil were added. 
See Figure 4-3. The tank was able to retain nitrogen i n  liquid 
form but proved to be an inadequate cyrogenic test fixture for the 
storage of LH2. 

At Bendix expense a simulated spacecraft tank was constructed from a 
laboratory dewar in order to provide a test tank for LH7. Figure 4-4 
shows the constructim of the 25 liter LH2 simulated spacecraft tank. 

Standard Cy1 indrical Cavity Tests 

To provide a sound foundation on which to expand the RF gaging 
concept to complex tank geometries, the initial phase o f  the experi- 
mental program concerned itself with a simple cylindrical tank that 
could be theoretically analyzed and also the experimental study of the 
RF properties of the S-IVB tank. 

4.2 
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FIGURE 4-3 
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An exact computer so lu t i on  o f  the resonant frequencies was obtained 
f o r  the standard cy1 i n d r i c a l  tank and experiments were i n i t i a t e d  t o  
answer the fo l low ing  basic questions: 

a) Does the experimental number o f  exc i tab le  resonances agree 
w i t h  the theore t ica l  predic t ions? 

b) Does the experimental resonant d i s t r i b u t i o n  agree w i t h  the 
theoret  i ca 1 d i s  tr i but ion? 

c) What parameters govern probe coupl ing i n t o  the tank? 

d) Whay type o f  probes provide optimum resonant coup1 ing? 

The theore t ica l  resonant frequencies were p lo t ted  on a length o f  
s t r i p  char t  paper i n  ascending frequency order w i th  spacing being 
proport ional  t o  the sweep time required t o  transverse from the lower 
frequency bound, f l  t o  the upper frequency bound, f 2 .  Each resonant 
mode was i d e n t i f i e d  as being "TE" o r  "TM" , degenerate o r  nondegenerate. 

P r i o r  work accomplished dur ing Phase A had employed a transmission 
type RF system t o  obta in  a matched tank. A matched tank being defined 
as a tank whose resonant count i s  insens i t i ve  t o  d i e l e c t r i c  pos i t i on  
f o r  any given f r a c t i o n a l  f i  1 1  ing ''all. The transmission type RF system 
uses one o r  more exc i ta t i on  probes which i n s e r t  RF energy i n t o  the 
cav i t y  and one o r  more detect ion probes which ex t rac t  RF energy from 
the cav i ty .  The i n i t i a l  experiments performed on the standard Gyl in-  
c r i c a l  tank u t i l i z e d  the transmission method o f  RF resonant mode 
detect ion using one exc i ta t i on  probe and one detect ion probe. 

Figure 4-5 shows the .experimental setups used t o  v e r i f y  the theore t ica l  
analysis made on the cav i ty ,  w i t h  various possible pos i t ions o f  exc i ta -  
t i o n  and detect ion probes, though only one was used i n  experiments, i .e. ,  
re f lec ted  energy technique. 

STANDARD CYLINDRICAL CAVITY 

FIGURE 4-5 
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The prime purpose of the experime 
prediction of an empty mode count 
excited in the frequency range of 1-2 

in the implementation of this task, a 
the cavity, as shown in Figure 4-6, i 
binations of exciter and detector pro 

G H t  . 
number of holes e drilled into 
order to allow various com- 

e s .  The holes are labeyed  A thrnucrh 
2" -- . - . . - - - - - . - - - . - - . . - . . . - - 

F, and M through R as shown in the figure. Before th location of the 
coupling system could be chosen, the type of tank coupling had to be 
determined. 

4.2.1 Tank Coupling 

The input and output coupling method for a microwave system consists 
of antennas a few centimeters in length. The antennas may, for coaxial 
leads, be either electrical field probes in the form of monopoles, or 
magnetic field probes in the form of loops, or a compound antenna made 
up to these elements. The criterion for the antenna is that it should 
couple to all the modes in the cavity, and the "Q" of the(who1e system 
should be sufficiently high to allow the output power for'each resonance 
to be detected and distinguished from the neighboring resonances. 

The variation of transmitted power with various coupling systems may 
be derived from Equation 4-1 with Afo made equal to zero. 

where: P2 = ' transmitted power 

Po = incident power 

QL = Loaded "QIt 

Q1 = input port coupling "Q" 

Q2 = output port coupling ''Q" 

fo = resonant frequency 

At resonance we have: 
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This shows t h a t  f o r  a given loaded llQ1l, maximum transmission occurs 
when Q1 = Q2. 
Q2 are as small as possible, meaning t h a t  the probes should be as 
l i g h t l y  coupled t o  the cav i t y  as possible. 

A l s o  maximum poss ib le  transmission occurs when Q1 and 

The general coupl ing "Q" i s  a funct ion o f  the e l e c t r i c  f i e l d  w i t h i n  
the cav i t y  a t  the pos i t i on  o f  the probe, i n  the form: 

1 
Q a- 

Irl 
(4-3) 

Consequently, a t  the po in t  o f  low e l e c t r i c  f i e l d ,  the coupl ing "Q" 
w i l l  be very high, and the transmit ted power w i l l  be very low. Since 
a l l  the resonances w i l l  have d i f f e r e n t  values o f  e l e c t r i c  f i e l d  a t  a given 
probe posi t ion ,  the  value o f  E i s  1 i ke ly  to vary from one resonace t o  the 
next. Thus, the coupling (IQ'l-and the transmit ted power w i l l  vary widely. 

The theore t ica l  unloaded "Q's" o f  the resonances i n  the standard 
cav i t y  were ca lcu lated and are shown i n  Figure 4-7 f o r  the empty cav i t y  
exc i ted i n  the frequency range o f  1-4 GHz. 
high, 40,000 o r  greater, measurements o f  QL ranged from 5000 t o  1000 
w i t h  an average QL o f  approximately 2000 t o  3000 w i t h  a monopole 
antenna system. 

Although the unloaded "Q" was 

The antenna system used i n  coupl ing t o  the tank i s  instrumental i n  i t s  
e f f e c t  on the system "Q" o r  loaded "Q"; therefore,  care must be 
exercised i n  the se lec t ion  o f  the antenna system t h a t  i s  used. 

4.2.2 Antenna Sys tems 

Antenna systems may be considered as e i t h e r  narrow band or  broad band 
systems. The narrow band antennas are resonant antennas such as 
simple monopoles or loops. Monopoles were chosen f o r  experimental 
work because; 1) they f a c i l i t a t e  experimentation, and 2)  the loop does not 
have such a great advantage over the monopole f o r  wide band appl icat ions.  

4.2.2.1 A Narrow Band Antenna 

A monopole antenna radiates best i n t o  f r e e  space a t  a frequency f o r  
which the  length o f  the monopole i s  approximately one quar ter  wave- 
length. For frequencies remote from t h i s  resonant frequency, the 
antenna i s  a poor rad iator .  For a resonant antenna rad ia t i ng  i n t o  
a cav i t y  which has dimensions la rger  than the  wavelength o f  operation, 
the same property may be approximately t rue.  For example, a frequency 
o f  1.5 GHt had a wavelength o f  20 cm. 
frequency i s  thus approximately 5 centimeters long. The standard 
c y l i n d r i c a l  cav i t y  dimensions are 55 cm long by 46 un i n  diameter. 
Thus, i t  may be argued t h a t  the antenna proper t ies w i l l  be roughly 
s i m i l a r  t o  operat ion i n  f r e e  space. A monopole antenna s l i g h t  longer 
than 5 cm was constructed. . The re f l ec ted  power from the antenna 

A monopole rad ia to r  f o r  t h i s  
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was measured i n  order to  determine the amount of  power rad iated i n t o  
f ree  space across the frequency band. 
versus frequency i s  shown i n  Figure 4-8. It i s  noted t h a t  the mono- 
po le t ransmits twice as much power a t  a frequency o f  1.3 GHz, than a t  
the  ends o f  the band. Consequently, a c a v i t y  coupl ing system employing 
t ransmi t t ing  and receiv ing monopoles o f  equal lengths may be capable o f  
t ransmi t t ing  four  times as much power a t  the middle o f  the band as com- 
pared t o  the power t ransmit ted a t  the ends o f  the band. 
poles o f  su i tab le  unequal lengths w i l l  make the transmission out  o f  the 
cav i t y  more leve l  across the  band, but even then i t  may be expected 
tha t  more than h a l f  the power from the generator w i l l  be re f l ec ted  
back from the cav i ty .  

A p l o t  o f  t ransmit ted power 

Using mono- 

4.2.2.2 A Broad Band Antenna 

The monopole i s  a poor rad ia to r  over a wide frequency band because 
i t  i s  a resonant c i r c u i t  element. The simplest form o f  broad band 
antennas i s  the metal cone. To invest igate the proper t ies o f  the 
cone antenna, some 20 cones were fabr icated i n  order t o  f i n d  the 
best design f o r  rad ia t i on  i n t o  f r e e  space i n  the 1-2 GHz region. 
The best cone design was found t o  be approximately a 600 angle 
and 3 inches i n  length. By v i r t u e  o f  being a broad band antenna, 
the s i ze  o f  the cone i s  not  so c r i t i c a l  a fac to r  as f o r  the  mono- 
pole. One o f  the cones, a sixteen-spoke w i re  cone, i s  shown i n  
Figure 4-9, together w i t h  a monopole and t r i angu la r  probe f o r  com- 
parison. The power transmission proper t ies o f  the cone i n  f r e e  
space are shown i n  Figure 4-8. I t i s  noted t h a t  the cone i s  capable 
o f  t ransmi t t ing  over 85% o f  the inc ident  power across the frequency 
band. The proper t ies o f  both the cone and the monopole were 
measured using standard standing wave measurements. A Smith 
char t  impedance p l o t  f o r  the cone i s  shown i n  Figure 4-10. 

To t e s t  the r e l a t i v e  performance o f  the monopole and cone antennas, 
the antennas were located i n  each o f  the holes d r i l l e d  i n t o  the 
standard cav i t y  and comparisons were made o f  the s t r i p  char t  record- 
ings w i t h  regard t o  mode d e t e c t a b i l i t y  and mode number. 

4.2.3 Comparison o f  the Monopole and Cone Antennas i n  a Resonant Cavity 

Various combinations o f  monopoles and cones were inser ted i n t o  the 
cav i t y  and the transmit ted energy was recorded f o r  each locat ion.  
Two phenomena were'immediately apparent: 
"overcoup1edt' the resonant pa t te rn  tended t o  merge and i d e n t i f i c a t i o n  
o f  the ind iv idua l  resonances w i t h  the theore t ica l  analysis was impossible, 
and 2) when the cav i t y  was "undercoupled" the ind iv idua l  resonances were 
d is t inquishable but  the amplitude o f  the t ransmit ted power was low. 

1)  when the cav i t y  was 

Experiments conf i rming the mer i ts  o f  cones and monopoles showed tha t  
the cone was capable o f  t ransmi t t ing  much more power through the 
cav i t y  than the monopole. Consequently, the monopoles led  t o  a 
much cleaner p i c tu re  o f  the modes across the  band, but many o f  the 

' 
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resonances could not be detected because they were o f  such small 
amp1 i tude, 
and more resonances-could be seen, but..there--was much-d i f f i cu l  t y  i n  
d i s t i ngu ish ing  t h i  i nd i v idua l  resonances. from each other. 

Since a - d i r e c t  correTation between ,the< theoret ica l  analysis and the 
experimental. work was desired, i t  was,dec!ded to-determine the best 
1engthIof:monopole .whichigave the- c learest  response as f a r  as i n d i v i -  
dual resonances were concercnedd. !n this,.manner. ind iv idual  resonances 
could be . i den t i f i ed .  

The cone, -on the other,xhand,, transmd tted-much more power, 

4.2.4 0ptimum.Resanant Coupl ing, With.-Small Monopoles 

With monopoles i n  the*variows hole locations marked A through F i n  
Figure 4-6,. the t ransmlt ted power'was recorded on a s t r i p  char t  

.recorder...The length o f  the-monopoles was then reduced and the 
recordings..were repeated; It was decided from the recordings tha t  
the monopoles g i v i q  the best resoonse,,as f a r  as mode c l a r i t y  was 
concerned, were about 9 8 "  long f o r  a frequency range o f  
1-2 GHz.. These pr6duced .only .a smal.1. amount o f  resonance merging 
a t  the hIgh end o f  the frequency band. 

hat  -only about. h a j f  .of theberesonances i n  the c a v i t y  
ted, s i nee the-coup.) i ng was' so,,sma 1 1 . Other holes 

were then d r i l l e d  i n  the cavi.tysat locat ions G through M i n  Figure 
4-6. These holes were spaced.,2 inches-from the o r i g i n a l  holes. 
Holes G .and H formed-a .plane w.i r h -  the holes A. and B and were on 
opposite si.des o f  the oJ,ime AB.-*. Holes. J. and.$K-were v e r t i c a l l y  below 
holes . C  and-D .respective?y; -whille hoies-L-and+l were v e r t i c a l l y  
above holes E and Ft-respectively; a Wfth+.probes' i n  several o f  these- 
pos i t ions another-25% ofrehe .resonances..couPd.'be coupled. A t  t h i o -  
po int ,  theoret icat  probes,.shoa.l.dr.not..be..p.l.aced, at .  p o s i t  ions o f  
symmetry - i a  the' cavi.ty: b..Oonsequent.l>y, .the..holes A through F were 
not used .again. 
pos i t ions indicated*-by ,theory*.for*.coupl i.ng..to the .maximum number 
o f  resonances : .These.'are.-l.ebe,l.ed N .through R..i.n Figure 4-6. 

Holes .N .and..R are +our ,cen~ime~ers.,erOm..thei.r common edge and holes 
P and Q a re  four centimeters ,from6 thei.r .commn-edge; Coupl ing v i a  
these pos i t ions 'in fact - .d i .dmt  produce an appreciable increase i n  
the number-of resonances. 
resonances I S  possible, a l l  10 probes were t i e d  together, four  t o  
radiate.pcwer i n t o  the. cavity,-and .six1 t o  *receive power from the 
cavity..  By. t h i s  method -90% o f  the .resonances were coupled and were 
i d e n t i f i a b l e  w i t h  .the computer program. . -Table 3-6 shows the experi- 
mental-.results compared*to-the theo re t i ca l  so lu t i on  o f  the resonances. 

The conclusions derived .from .the-work performed on the standard 
c y l i n d r i c a l  c a v i t y  can be summarized as fo l lows: 

With t h i s  length o f  monopole, 

Four o$her>+mles-were. d r i  1 +ed *Fn-the c a v i t y  a t  

f - -  

F i n a l l y . i n  an attempt t o  produce as many 
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90% o f  the tank empty count can be obtained through the use o f  
both m u l t i p l e  antenna systems (undercoupled) as we l l  as s ing le  
antenna systems (overcoupled) . 
I n  an overcoupled antenna system, i d e n t i f i c a t i o n  o f  ind iv idua l  
resonances i s  impossible..  Amaximum.resonant count can be more 
e a s i l y  a t ta ined .using .an overcoupled system but  a t  a s a c r i f i c e  
o f  lowering the system "Q". 

I n  an undercoupled antenna system, i d e n t i f i c a t i o n  o f  ind iv idua l  
resonances can be made. A maximum resonant count can only  be 
achieved through the use o f  a mu l t i p le  antenna system. Although 
the system "Q" i s  high, the r e l a t i v e  resonance amplitudes are 
small and system s e n s i t i v i t y  o r  resonant d e t e c t a b i l i t y  suf fers .  
Maximum resonant count can on ly  be achieved through use of 
m u l t i p l e  antenna system when an under coupled antenna system 
Ys used, 

A monopole antenna provides the best response w i t h  respect t o  
resonant "Q'l and resonant amplitude. The optimum length o f  a 
monopole i s  a quarter,wavelength a t  the,mid-point  o f  the operat ing 
frequency band. There i s  no optimum number o f  antennas i n  the 
transmission mode o f  detect ion,  since i t . i s  no t  the ideal  mode 
o f  coupl ing i n t o  the cav i ty .  

The experimental resonance d i s t r i b u t i o n  per u n i t  bandwidth i s  
i n  agreement w i t h  the predicted d i s t r i b u t i o n .  

With the establishment .of these basic premises, an experimental 
study was made o f  the S-\VB*tank.which was matched dur ing Phase A 
o f  t h i s  contract .  This .study was made i n  order t o  t e s t  the v a l i d i t y  
o f  the conclusions, ,and ' t o  i s o l a t e  any other  phenomenon a matched 
tank exhib i ted.  

S - % V B  Matched Tank Studx 

The purpose o f  the S - I V B  matched tank study was t o  i s o l a t e  the parameters 
tha t  provide a matched tank condi t ion.  The 1/20 scale model S - I V B  tank 
was exc i ted  i n  the frequency band of; 2-4 GHz and i t s  s t a t i c  loading 
response was determined f o r  . f r a c t i o n a l  f i  11 ings w i t h  Benzene ( d i e l e c t r i c  
constant = 2.28). Figure 4-11. shows the s t a t i c  response and Table 4-1 
shows the dev iat ion i n  resonantscount, f o r  a s t a t i c  o r i en ta t i on  tes t .  
The resonance d i s t r i b u t i o n  f o r  the tank fo l lows a square l a w  response, 
These resu l ts  agree w i t h  the resu l ts  obtained dur ing Phase A. 
system o r  loaded "Q" was measured f o r  a number'of resonances w i t h  the 
average system "Qll being approximately 1000 t o  2500. Since the o r i g i n a l  
antennas t h a t  were used durtng Phase A were retained i n  the tank f o r  t h i s  
study, i t  would be o f  i n t e r e s t  t o  compare t h e i r  lengths t o  the antennas 
used I n  the standard c y l i n d r i c a l  cavr ty .  A transmitted.energy system was 
used and the antennas were.1ocated on the. tank as shown i n  Figure 4-12. 

The 
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RF SWEEP 
OSCl LLATOR 
2-4 GHz 

ANTENNA POSITION 1/20 SCALE S-IVB TANK 

FIGURE 4-12 

The RF probes are located as fo l lows: 

Dome input  probe - along "t" axis  
Side input  probe - along "y" ax is  
Dome output probe - along "-z" axis  

length = 2.5 cm 
length = 2.0 cm 
length = 2.1 cm 

A l l  o f  the above antenna lengths are i n  good agreement w i t h  the 1/4 
wavelength supposi t ion determined on the c y l i n d r i c a l  cav i ty .  

The fo l lowing conclusions can be made from the S-IVB matched tank study: 

a) The empty resonant count represented 90% o f  the maximum number o f  
resonances t h a t  are the theore t ica l  exc i tab le.  

b) The antennas lengths used were 1/4 wavelength o f  the center frequency 
(3 GHz). 
boundaries i s  i n  good agreement w i t h  the theore t ica l  analysis made 
i n  Section 1 1 1 ,  Paragraph 3.5. 

The loca t ion  o f  the  antennas a t  the c y l i n d r i c a l  sect ion 

c) The experimental resonance d i s t r i b u t i o n  fo l lows a 2 f  law d i s t r i -  
but  ion. 

The external  "q" has the largest  e f fec t  on reducing the system "Q", 
since the external  *'Q'' re fe rs  to  "Q" o f  cables, tank and propel lant .  

d) 

Since these parameters were i n  accord w i t h  the resu l ts  obtained on the 
standard c y l i n d r i c a l  cav i ty ,  i t  was f e l t  t h a t  these parameters completely 
spec i f ied  a matched tank condi t ion.  Consquently, work was s ta r ted  on 
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4.4 

the 2/5 scale THERMO tank using Benzene as a simulated propel lant .  
probe conf igurat ion and frequency range used on the  1/20 scale S- IVB 
tank were retained as being a key t o  the matched condi t ion.  

The 

THERMO Tank, Tests (2/5 Scale Model) 

The 2/5 scale THERMO Tank was assembled from the multi-purpose tank 
minus a l l  in te rna l  perturbat ions.  Antennas were located a t  posi-  
t ions  equivalent t o  the antenna pos i t ions  on the S- IVB 1/20 scale 
tank. I n  order t o  f i n d  an optimum antenna length w i t h  respect t o  
maximizing the empty resonant count, three (3) antennas were mounted 
on the tank. The antennas were mounted on the tank as shown i n  
Figure 4-13 w i t h  the bottom e x c i t e r  being pos i t ioned on a plane 
goo t o  the top e x c i t e r .  

DETECTORS 2.- 

ANTENNA POSITION 2/5 SCALE THERMO TANK 

FIGURE 4-13 

Each antenna was var ied i n  length, i n  turn,  wh i le  the others were 
kept constant u n t i l  a maximum resonant count was obtained i n  an empty 
tank over the frequency range o f  2-4 GHz. 

Ext ract ing from the experimental data shown I n  Figure 4-14 the 
antennas i s  determined as: optimum length of  the 

Exc i te r  1 = 0.984 

Exc i te r  2 = 0.794 

nches/2.5 cm 

nches/2.02 cm 

Detector = 0.827 inches/2.1 cm 
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The antenna lengths are i d e n t i c a l  t o  the S - I V B  antenna lengths, This 
suggests t h a t  the antenna length i s  s t r i c t l y  a funct ion o f  operat ing 
frequency band and I s  independent o f  tank geometry. 

These antenna lengths gave a maximum resonant count over a frequency 
range o f  2-4 GHz, 
an empry tank was 439, and w i th  a f r a c t i o n a l  f i l l i n g  o f  1.0 ( f u l l ) ,  was 
77O0 
o f  a9 1 perturbat ions) the resonant count obtained represented approxi- 
mately 35% o f  the theore t ica l  empty count, 

The maximum resonant count under these condi t ions f o r  

I n  comparison w i th  a theore t ica l  count for  an empty tank (exclusive 

The f u l l  tank resonant count obtained represented 16% o f  rhe theoretical 
tank resonant count 

The optimum antenna length having been evaluated, a loading 
conducted w'sth the tank i n  two d i f f e r e n t  or ientat ions,  i.e, 
and v e r t i c a l  

t e s t  was 
hor izon ta l  

i t  was found t h a t  the presence o f  l i q u i d  near the antenna d s tor ted  
the resonant count. Thus, a d i f f e r e n t  reading was obtained depending 
on whether the antenna was above o r  below the l i q u i d  leve l ,  This i s  
shown i n  Figure 4-15. The antennas were covered w i t h  a Tef lon probe 
guard and the experiment repeated. The resu l ts  shown i n  Figure 4-16 
s i g n i f y  t h a t  the Tef lon guard r e c t i f i e d  t h i s  e r ro r ,  and the l i q u i d  
leve l  w i t h  respect t o  antenna pos i t i on  had no e f f e c t ,  However, the 
resonant c o m t  f o r  the d i f f e r e n t  o r ien ta t ions  exh ib i ted  wide deviat ions 
which i s  i nd i ca t i ve  o f  an unmatched tank, 

i n  a symmetrical tank, the theore t ica l  studies showed t h a t  eer ta in  
degeneracies occur. over the frequency band; 7.e. resonances overlap a t  
ce r ta in  d isc re te  frequencies, and these resonances cannot be i nd i v idua l l y  
disr lnguished. I t  was f e l t  t h a t  in te rna l  tank perturbat ions,  such as 
s ide  w a l l  sensors, and other tank perturbat ions would break up the over- 
lapping resonance, and as a r e s u l t  ob ta in  a h igher  resonant count. 

I n  an attempt t o  obta in  a h igher  empty resonant count, the in te rna l  
perturbat ions were added t o  the THERMO tank. Figures 4 - ! 7  and 4-18 
show t h a t  rhe add i t ion  o f  i n t e r n a l  perturbat ions i n  a l l  cases causes 
the resonant count t o  increase. However, even w i t h  the increased 
resonant count, the tank remained unmatched f o r  s t a t i c  or ientat ions,  
Various other  probe lengths were t r i e d ,  perturbat ions were removed; 
bu t  the tank remained unmatched. 
made i n  order t o  determine what e f f e c t  the THERMO conf igurat ion could 
have on a matched tank condit ion. 

An analysis o f  the s i t u a t i o n  was 

Experiments conducted w i t h  the 2/5 Scale THERMO tank, had a resonant 
eount i n  an empty tank o f  approximately 400, and a resonant count in 
a f u l l  tank o f  approximately 800. 
maximum assuming no losses, the count obtained i n  an empcy tank represents 
30% and 'in a f u l l  tank, 20% o f  the theore t ica l  maximiirn. The theore t i -  
ca l  maximum I n  a f u l l  tank was 4,300. Thin number Is far too h igh for 

i n  eomparison w i th  the theore t ica l  
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sa t i s fac to ry  detection, due t o  merging o f  resonances. 
the frequency range i.e., 2-4 GHz, was unsat isfactory f o r  operation o f  
t h i s  tank. 
scale S- IVB t o  the l / 3  and 2/5 scale.THERM0 tanks i n  re la t i onsh ip  t o  
the f u l l  tank .resonant -count was made. 

This suggested t h a t  

A comparison o f  the operating frequency band f o r  the 1/20 

TANK 1 FREQUENCY RANGE ( G H ~ )  (RESONANCE COUNT 

Table 4-2 shows the re la t i onsh ip  between operating frequency band 
and resonant count. 

SPREAD 

TABLE 4-2 

1200 Theoretical 
800 Experimental 

2200 Theoretical 
600 Experimental 

, FREQUENCY BAND VERSUS RE3lWRMW--XOUNT 
I 1 I 

2 Mc/Resonance 

1 Mc/Resonance 

2/5 THERMO 

S- I VB 

2-4 4300 Theoretical 0.4 Mc/Resonance 
770 Experimental 

1/3 THERMO 

2-4 

2-4 

Since the resonance spread was greatest f o r  the S-IVB matched.tank, i t  
was decided tha t  the operating frequencies f o r  both the 1/3 scale 
THERMO tank and the 2/5 scale THERMO tank were too high. 
frequency band f o r  the 2/5 THERMO tank was selected on the basis 
o f  1000 resonances f o r  a f u l l  tank. 
1-2.4 GHr t o  produce a f u l l  tank mode count o f  1000 f o r  more p r a c t i -  
ca l  detection. A quarter wave length (center frequency 1.7 GHz) 
was used f o r  the antenna lengths and the resonant count f o r  an empty 
tank increased t o  55% o f  the theoret ica l  count. 

A new 

The frequency range was a l t e r e d  t o  

The new operating frequency band o f  1-2.4 G H t  subs tan t i a l l y  
improved the empty resonant count, but  d i d  not achieve a matched tank 
condi t ion,  

The f a i l u r e  o f  the t ransmit ted energy type of resonance excitarion.prompted 
the use o f  a r e f l e c t e d  energy technique. 
u t i l i z e s  a c i r c u l a t o r  i n  order t o  detect the r e f l e c t e d  energy from the 
tank. The implementation o f  a re f l ec ted  energy system i s  shown i n  
Figure 4-19. 

The re f l ec ted  energy technique 
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A t  resonance the tank absorbs RF energy; therefore,  the amount o f  
re f1  e'cted energy seen by the crys t a  1 detector decreases. 
energy resonance pat tern i s  ' the d i r e c t  inverse o f  the t ransmit ted energy 
resonance pat tern . 
Two important resu l t s  were obtained through the use o f  the re f l ec ted  
energy technique. I n  previous experlmental t es ts  using the transmission 
technique a number of e x c i t a t i o n  and detect fon antennas were used. 
mu l t i p le  antenna system introduced phase cancel la t ion of RF signals a t  
the T-Junctions, consequently obtainfng a matched tank conf igurat ion was 
extremely d i f f i c u l t .  
ed energy techni,que produced a higher resonance count than a m u l t i p l e  antenna 
system. The second s i g n i f i c a n t  r e s u l t  was t h a t  the RF power required 
t o  e x c i t e  the tank was considerably less than the power required f o r  a 
transmission t ype  system. 

The re f l ec ted  energy technique using m u l t i p l e  antennas was used on the 
2/5 scale THERM0 tank, 
o f  the theoret ica l  count. 

The r e f  iected 

The 

It was found that  a s ing le  antenna using the r e f l e c t -  

Thts increased the empty tank resonant count t o  60% 
A s ing le  antenna system using the r e f l e c t i o n  

' technique Inkrerased the empty resonant count t o  75% o f  the theo re t i ca l  count 

Further increases i n  the resonant count could not  be achieved, and i t  was 
suspected t h a t  the geometry o f  the tank; t ha t  i s ,  the spacing between 
the cy l i nde r  wa l l  and the bottom dome ptevent uhi fotm iltQmJnatibn of 
the tank. 
The resonant count obtained w i t h  the tank i n  t h i s  conf igurat ion was 90% of  
the theo re t i ca l  empty count. 
tank when i t  was matched. 

The bo€ton dome was removed and'replacad w i t h  a f l a t  plate. 

This was also the condi t ion o f  the S-IVB 
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The tank was f i l l e d  w i t h  Benzene and a s t a t i c  loading curve obtained. 
The loading dependence versus f r a c t i o n a l  f i l l i n g  was determined and a 
l inear  p l o t  was obtained. This i s  shown i n  Figure 4-20. The resonant 
count i s  the average value of the resonant count obtained w i t h  the tank 
i n  three d i f f e r e n t  o r ien ta t ions  ( v e r t i c a l ,  hor izon ta l  and inverted) 
f o r  a given f r a c t i o n a l  f i l l i n g .  The dev iat ion due t o  o r i en ta t i on  
was w i t h i n  f 3% o f  the f u l l  tank resonant count. Table 4-3 shows the 
resu l ts  o f  the s t a t i c  o r i en ta t i on  t e s t .  

VERT. 

295 

333 

399 

489 

580 

659 

TABLE 4-3 

STATIC ORIENTATION TEST, 2/5 SCALE THERMO 

INVERT. 

295 

332 

41 8 

504 

59 1 

669 

FRACTIONAL 
FI LLI NG 

0.0 

0.1 

0.3 

0.5 

0.7 

0.9 + 

XLCULATE D 

3 34 

415 

579. 

742 

905 

1069 

RES 0 NAN' 
HOR. 

295 

340 

42 1 

498 

570 

65 1 

AVG . 
295 

335 

41 3 

49 7 

580 

660 

These resu l ts  show t h a t  the basic THERMO tank conf igurat ion can be 
matched and t h a t  the reentrant sect ion was a source o f  poss ib le  t rouble.  

The f l a t  end p l a t e  was removed and the bottom dome replaced. 
sheet o f  aluminum was placed over the reentrant dome, as shown i n  
Figure 4-21 i n  order to modify the geometry o f  the sect ion t o  achieve 
an empty tankresonant count o f  90% o f  the theore t ica l  resonant count. 

A t h i n  

4-3 1 



ALUM I NUM 
PLATE 
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FiGURE 4-21 

This configuration achieved the required condition, but was 
since this would require an excessive loss of available tank 
Adhesive aluminum foil was then placed along the dome and cy 
shown In Figure 4-22: 

ADHES 1 VE 
/ALUM I NUM 

FOIL 

mpract i ca 1 
volume. 
inder, as 

MODIFICATION OF REENTRANT SECTION 
FIGURE 4-22 
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This gave the required condi t ion o f  an empty resonant count o f  90% o f  the 
theo re t i ca l  resonant count. A s t a t i c  loading t e s t  was conducted. A l i n e a r  
load i ng dependence was ob t a  i ned ; us i ng the average va 1 ue o f  the resonant 
counts f o r  the three d i f f e r e n t  or ientat ions.  See Figure 4-23. The 
maximum count v a r i a t i o n  was f 8% w i t h  respect t o  o r i e n t a t i o n  f o r  a 
p a r t i c u l a r  f r a c t i o n a l  f i l l i n g .  

This large e r r o r  could be a t t r l b u t e d  to the deformation o f  the aluminum 
f o i l  under l i q u i d ,  since the e r r o r  was more s i g n i f i c a n t  a t  h igher values 
o f  f i  11 ing. 

Table 4-9 presents the data obtained f o r  the THERMO tank whose reentrant 
sect ion was modif ied w i t h  adhesive aluminum f o i l .  

I NVERT. 

295 

323 

389 

443 

491 : * '  

552 

TABLE 4-4 

AVG. 

295 

324 

390 

45 1 

49 7 

5 56 

STATIC ORIENTATION TEST, 2/5 SCALE THERMO 

FRACT I ONAL 
F I  LL I NG 

0.0 

0.1 

0.3 

0.5 

0.7 

0.9 * 

I n  order 
the requ 
the reen 
wool d i d  

CALCULATED 

334 

415 

5 79 

742 

905 + 

1069 

I 

HOR. 

295 

335 

40 I 

462 

522 

570 

lSONANT COUN 
VERT. 

t o  provide s t ruc tu ra l  i n t e g r i t y ,  the tank was modif ied t o  meet 
i r e d  condi t ion simulated by the adhesive aluminum f o i l  by f i l l i n g  
t r a n t  sect ion w i t h  plumbers wool. See Figure 4-24.' The plumber's 
not change the tank "QI' not iceably.  

WOOL 

M O D I F I E D  REENTRANT SECTION 

FIGURE 4-24 
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TABLE 4-5 
STATIC ORIENTATION TEST, 2/5 SCALE THERMO 

FRACT I ONAL 
FlLLlNG 

0.1 

0.2 

o i 4  

I n , a l l  o f  the previous experimental work two sweep generators were used 
t o  obta in  the sweep frequency band from 1-2.4 GHt.  
problem of  performing dynamic tes ts  on the 2/5 scale THERMO tank, the 
sweep generators were replaced w i t h  a voltage-tunable magnetron. The 
magnetron could be swept over a frequency band from 1.2-2.4 GHz. 
S t a t i c  loading and o r i e n t a t i o n  tests  were then repeated on the 2/5 
scale THERMO tank using the new frequency band. Table 4-6 shows the 
resu l t s  o f  these tests  and Figure 4-26 shows the loading dependence. 

Because of the 

, 

HOR. [ 22-1/2< 
I 

, 

230 
257 

308 

379 
453 
487 

582 

556 

TABLE 4-6 
STAT I C OR I kNTAT I ON TEST, 2/5 SCALE THERMO 

ANGULAR POS IT  I ONS TO THE HOR I'ZONTAL 

230 

259 

308 

374 
446 
484 

582 

548 

0.0 

0.1 

0.2 

0.4 

0.6 

0.7 

0 -9 
1 .o 

495 
543 
580 

230 

267 

31 6 
386 
453 
498 
542 

5 80 

450 - 
230 

264 

309 
388 
444 
486 
544 
58 1 - 

RESONANT C INT 
I NVERT. 

230 

262 

314 
378 
449 
480 

554 
582 

- 
1* 

230 

270 

307 

380 

443 
497 
547 
5 82 

- 

- 

AVG 

230 

264 

308 

378 
449 

548 
5 82 

485 

* Rotated goo t o  hor izonta l  pos i t ion.  
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Tests were a lso  conducted f o r  small increment loadings a t  small angular 
pos i t ions.  
simulates s losh condi t ions.  

The resu l ts  o f  these tes ts  are shown i n  Table 4-7. This t e s t  

lo  

237 

244 

INCREMENTA 

20 3O 40 5O AVG . 
238 237 239 244 239 

244 239 244 237 242 

FRACTIONAL 
FILLING 

0.01 

0.02 

Once the 2/5 
determine the f e a s i b i l i t y  o f  gaging propel lants  under dynamic f low 
condi t ions.  The implementation o f  the f low t e s t  required the use o f  
a closed system which consisted o f ;  
propel lant ,  2) a ' lever-act ion contro l  valve and interconnect ing plumbing, 
and 3), associated e lec t ron ics .  
setup and Figure 4-28 provides a p i c t o r i a l  view o f  the equipment. 

1 )  a reservo i r  f o r  the simulated 

Figure 4-27 i s  a block diagram o f  the t e s t  

The mechanical hardware used i n  the f low t e s t  al lowed for the pressuriza- 
t i o n  o f  the 2/5 scale THERMO tank so t h a t  a constant f low r a t e  could be 
maintained. The use o f  a lever-act ion contro l  valve coupled t o  a micro- 
switch made the synchronization of resonant count t o  mass content o f  the 
THERMO tank possible.  
informat ion needed t o  v e r i f y  dynamic f low response; 1 )  the instan- 
taneous mass content o f  the THERMO tank, and 2 ) ,  the resonant count t h a t  
was re la ted  t o  the mass content. 

Two kinds o f  data were needed t o  complete the 

I n  order to provide a rheasure o f  mass content, a leve l  detector (capaci- 
tance probe) was placed i n  the reservo i r .  The capacitance probe i n  con- 
junc t ion  w i th  a Bendix Universal Capacitance Gaging Servo provided an 
analog output (0 t o  10 v o l t s )  t h a t  was d i r e c t l y  propor t ional  t o  the 
l i q u i d  leve l  i n  the reservo i r .  

The number of resonances were determined by the use o f  an e lec t ron i c  
resonance counter s i m i l a r  to the  one described i n  Phase A report .  
e lec t ron i c  resonance counter d i f f e r e n t i a t e s  the video signal  from the 
c r y s t a l  detector, detects a zero crossing and shapes the signal  t o  
a pulse t h a t  can be counted. 
RF sweep per iod are accumulated i n  a counter. 
e n t i r e  system can be explained as fo l lows. The THERMO tank i s  
i n i t i a l l y  pressurized. The cont ro l  valve i s  thrown, s t a r t i n g  the 
flow and RF sweep generator simultaneously. The resonance count informa- 
t i o n  i s  fed t o  a d i g i t a l  p r i n t e r  t h a t  i s  act ivated by a p r i n t  
command which i s  dependent on a reset  pulse from the sweep generator. 
The counter has the capacity o f  counting down the p r l n t  command t o  

The- 

The number o f  pulses resonances per u n i t  
The operat ion o f  the 
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reset-event r a t i o  i n  mu l t ip les  o f  10. This i s  des i rab le i n  t h a t  i t  
al lows an averaging capab i l i t y .  By averaging the resonant count over 
10 t o  100 periods, spurious events, such as resonance var ia t ions ,  are 
e l  Iminated. ' 

FLOWTIME (SEC) 

165 sec 

155 sec 

137 sec 

127 sec 

By recording the p r i n t  command event and the capacitance analog signal  
on two d i f f e r e n t  channels o f  a s t r i p  char t  recorder, synchronized data 
on propel lant  mass and the resonance count can be obtained. 

The basic c r i t e r i a  i n  determining the f e a s i b i l i t y  o f  RF gaging under 
dynamic condi t ions i s  whether o r  not  a l i n e a r  loading dependence i s  
retained w i t h i n  the system accuracy. The loading dependence was l i n e a r  
w i t h i n  f 3.9% as shown i n  Figure 4-29. 
form t h i s  t e s t  was 165 seconds which corresponds t o  a 0.6% volume change/ 
second. 
under s t a t i c  loading condi t ions and was found t o  have an e r r o r  o f  approxi- 
mately f 1% i n  repea tab i l i t y .  Therefore, the resu l ts  obtained are very 
encouraging On that :  

The f low t ime required t o  per- 

The basic accuracy o f  the e lec t ron ic  resonance detector was checked 

% VOLUME/T I ME 

0.60%/sec 

0.65%/sec 

0.73%/sec 

0.80%/sec 

1) the loading dependence was 1 inear 

2) the data could be repeated. 

The fac t  t h a t  the e lec t ron i c  resonant count i s  not the same as tha t  
obtained by the v isual  hand count method is o f  no consequence since 
the v isual  method has many inaccuracies, because resonance recogni t ion 
i s  based on ind iv idua l  d i sc re t i on  and a lso  a human e r r o r  i n  counting. 
But the f a c t  t h a t  the e lec t ron i c  resonant count is  l i near ,  and repeatable, 
Is very encouraging because i t  proves the system is operat ing cor rec t ly .  

The f low t e s t  was repeated f o r  higher f low rates but I t  was found t h a t  
the accuracy o f  the system suffered. 
ra tes can be corrected through the use o f  an improved e lec t ron i c  
resonant counter and swept RF o s c i l l a t o r  system, such as using an 
A I D  convert o r  technique f o r  resonant counting and a non-l inear RF 
o s i c l l a t o r .  The data obtained i s  shown i n  Table 4-8. 

The inaccuracy a t  h igher f low 

TABLE 4-8 

FLOW TEST RESULTS, 2/5 SCALE THERM0 

RESONANT COUNT 

f 3.7% 

f 3.9% 
f 4.5% 

f 4.9% 
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4.5 THERMO Tank Tests (1/3 Scale Model) 

Due t o  the thermodynamic problems associated w i t h  cyrogenic l i q u i d s ,  
i t  was decided t o  use the 1/3 scale THERMO tank f o r  t e s t i n g  the RF 
system loading response t o  l i q u i d  hydrogen. 

A r e f l e c t e d  energy technique was used on the 1/3 scale THERMO tank 
i n  order t o  obta in  a s u f f i c i e n t l y  high empty resonant count and t o  
assure a matched condi t ion.  

The conf igurat ion o f  the bottom o f  the tank, as i n  the 2/5 scale 
THERMO tank, attenuated the radiated energy and prevented e x c i t i n g  
a s u f f i c i e n t l y  large number o f  resonances. Therefore, the spacing between 
the cy l inder  w a l l  and the bottom dome was f i l l e d  w i t h  plumbers wool 
i n  order t o  a t t a i n  the tank conf igurat ion necessary t o  prevent 
at tenuat ion o f  radiated energy. 

An operating frequency range o f  2-4 GHz was chosen i n  order t o  a t t a i n  
a high enough s e n s i t i v i t y  f o r  operation w i t h  LN2 and LH2. An antenna 
length o f  a quarter wave length was chosen (center frequency 3 GHt) 
and mounted approximately a t  the center o f  the c y l i n d r i c a l  wa l l .  The 
tank was assembled i n  t h i s  conf igurat ion so that  a s u f f i c i e n t l y  large 
number o f  resonances were exc i ted i n  order t o  a t t a i n  a matched condi- 
t ion.  Prel iminary tes ts  were conducted on the 1/3 scale THERMO tank using 
Benzene. The s t a t i c  loading tes ts  was conducted w i t h  an operating 
frequency range o f  2-4 GHr. 
4-30. Loadings above 70% were neglected since the number o f  resonances 
exc i ted were.too concentrated t o  be detected s a t i s f a c t o r i l y .  
stated previously,  t h i s  frequency range was selected f o r  operation 
w i  t h  LN2 and LH2. 

The loading response i s  shown i n  Figure 

As 

’ 

The 1/3 scale THERMO tank was r e t r o f i t t e d  f o r  operation w i t h  LN2 and 
LH2. 
and antenna length t h a t  were used f o r  the Benzene tests ,  ( t he  tank 
was l e f t  i n t a c t )  a s t a t i c  loading t e s t  was performed using LN2. 
resu l t s  o f  the t e s t  are shown i n  Figure 4-31. 
the LN2 tests ,  considerable d i f f i c u l t y  was encountered i n  keeping 
the LN2 from b o i l i n g .  
through the use o f  a s t r i p  char t  recorder, care had t o  be excercised 
t o  assure t h a t  the LN2 was not b o i l i n g .  
was the establishment o f  a correct  c o r r e l a t i o n  between the resonant 
count and the mass content o f  the tank. 
the tendency o f  t he  cyrostat  t o  gain weight due t o  formation o f  i c e  
on i t s  wal ls;  

The so lu t i on  o f  these problems seemed both formidable and p r o h i b i t i v e l y  
expensive i f  the tank were t o  be used f o r  LH2 test ing.  
t ha t  a simulated spacecraft tank constructed from a cryogenic dewar 
would be used f o r  the LH2 test ing.  

Ref. Paragraph 4.1. Us i ng the same operating . frequency range 

The 
I n  the performance o f  

Since the resonant count was being obtained 

A second d i f f i c u l t y  encountered 

This problem arose due t o  

It was decided 
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4,6 

i n  order t o  achieve a s u f f i c e n t l y  h igh  s e n s i t i v i t y  
loading tests  w i t h  LN2 and LHz9 a fr 
was selected due t o  the small s i ze  o 
The simulated spacecraft tank was exc i ted  using t h  
technique w! t h  a quarter wavelength antenna (center frequency 3.4 GHz) ., 
The pos i t i on  o f  the antenna i s  shown i n  Figure 4,4. 

V e r i f i c a t i o n  o f  the cor rec t  se lec t ion  o f  operat ing frequency range 
was made by determining t h a t  the empty resonant count was 
predicted count, A s t a t i c  loading and o r ien ta t i on  t e s t  w 
w i t h  Benzene, Figl ire 4-32 shows the o r ien ta t i on  o f  the tank. Figure 
4-33 and Table 4-9 show the loading dependence, 

TABLE 4-9 

STATIC ORIENTATION TEST, SIMULATED -. SPACECRAFT TANK 

FRACTlONAL 

_-  

The use o f  the e lec t ron i c  resonance detector was proposed i n  the per- 
formance of  the LH2 tests.  
tha t  the RF sweep o s c i l l a t o r  be operated a t  a 10 mi l l isecond sweep rare. 
The f a s t  sweep r a t e  makes the RF system independent o f  l i q u i d  sloshing. 
i n  the operat ion o f  the empty tank a t  t h i s  sweep rate, i t  was found t h a t  
a number of  resonances would r ing.  An uecrease Fn the sweep r a t e  would 
stop the r ing ing.  The r i ng ing  was not iced on a l l  tanks when f i l l e d  w i t h  
low loss l i q u i d s  such as LNz9 LH2. 

Normal use o f  the resonance detector requires 
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Figure 4-34 shows a typ ica l  resonance 

TYPICAL RESONANCE 

RESONANCE R I NG I NG 
FIGURE 4-34 

The tank r ing ing  was a t t r i b u t e d  t o  the h igh tank "Q" and the i n a b i l i t y  
o f  the tank t o  d iss ipa te  the stored energy quick ly .  
ance detector detects the peak o f  RF energy, the r ing ing  would be counted 
as resonance. A high loss, paper base,-hard phenolic rod was inserted i n  the 
spacecraft tank i n  order t o  increase the system d iss ipa t ion .  A s t a t i c  
loading t e s t  was performed using L N 2 .  The rod stopped the r i n g i n g  but  
a t  the s a c r i f i c e  o f  lowering the system 'IQ". The i n i t i a l  non l i nea r i t y  
i n  the loading response was due t o  the i n s e r t i o n  o f  the h igh loss 

mate r ia l  i n  the tank. 

Since the reson- 

It was decided t o  increase the sweep t ime i n  order t o  e l iminate the r ing-  
ing and record the number o f  resonances by use o f  a s t r i p  char t  recorder 
f o r  the L H 2  test .  The L H 2  t e s t  was attempted using the h igh loss rod bu t  
the loading dependence was so nonl inear tha t  the rod had t o  be removed. 

A s t a t i c  loading t e s t  using LH2 was performed on the spacecraft tank. 
The t e s t  was repeated three times t o  insure consistency of data. 
Table 4-10 and Figure 4-35 show the r e s u l t s  o f  t h i s  tes t .  
concluded tha t  the basic R F  system i s  operable w i th  LH2. 

It can be 
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TABLE 4-10 

LHS STATIC LOADING TEST 

WEIGHT (In Lbs.) RESONANT COUNT 

62.0 (73%) 

61.6 

61.4 

61.1 

60.8 

60.5 

60.2 

59.9 

59.6 

59.3 

59.0 

58.8 (Empty) 

1 

362 

348 

34 1 

333 

324 

31 8 

312 

303 

296 

289 

281 

279 

2 

358 

35 1 

342 

331 

323 

3 19 

314 

305 

294 

289 

28 1 

277 

3 

359 

350 

340 

332 

320 

317 

31 2 

303 

29 5 

287 

280 

278 
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SECTION V 

COMPARISON OF EXPERI MENTAL RESlkTS TO THEORETICAL PREDI CTI ONS 

5 .1  In t roduct ion 

The use o f  the computer program o r  the mathematical approximation formula t o  
p red ic t  the loading dependence o f  tanks based on System "Q", operat ing f r e -  
quency and d i e l e c t r i c  constant can be checked by comparing t h e i r  resu l ts  t o  
those obtained from actual  experiments. A r e l a t i v e  comparison o f  the resu l ts  
obtained from each pred ic t ion  technique was prev ious ly  given i n  Section I I I 
f o r  a c y l i n d r i c a l  tank. Some di f ferences ex is ted  between the loading depen- 
dence predic ted by each technique which make i t  necessary t o  compare the 
predic t ions t o  experimental data f o r  a number o f  d i f f e r e n t  tanks and d ie lec-  
t r i c s  t o  choose most  useful technique. 

The comparison o f  the computer program resu l ts  t o  experiment i s  made by the 
use o f  equivalent volume tank models o f  the spacecraft tanks. 
c y l i n d r i c a l  tanks were made of the 2/5 scale THERMO tank and the 1/3 scale 
THERMO tank. Measurement o f  the external  "Q" f o r  the 1/20 scale S - I V B  and 
the 1/3 scale THERMO tank resul ted i n  an average external  "Q" o f  approxima- 
t e l y  2500 and 4500 respect ively.  The average external  "Q" f o r  the 2/5 scale 
THERMO and the SST tank were measured as 2100 and 5100. A cigar-shaped tank 
used i n  Phase I had a measured "Q" o f  4000, and experimental data i s  includ- 
ed here f o r  evaluat ion o f  the two loading dependence technique. The external  
"Q" and the d i e l e c t r i c  "Q" are s u f f i c i e n t  t o  speci fy  a system "Q". 

Equivalent 

1 -  - 1 

QSys tern QD i e 1 e c t  J- i c 

The theory states tha t  i f  the system liQtl 

modes o f  a cav i t y  can be obtained, en t ry  
computer program s s u f f i c i e n t  t o  determ 
operat ing frequency band. Also, the sys 

1 

QExterna 1 

i s  known, and a so lu t ion  t o  the 
o f  t h i s  data i n t o  the s t a t i s t i c a l  
ne the loading dependence and 
em "Q" may be entered i n t o  the 

mathematical formula for  the loading dependence and the resu l ts  compared t o  
experiment. This formula does not requi re  the use o f  equivalent volume 
cy1 i n d r i c a l  tanks, and i s  appl ied d i r e c t l y  t o  the experimental tanks. 

Computations .were made o f  the loading dependence predic t ions f o r  the compu- 
t e r  program f o r  some o f  the tanks f o r  which experimental data was ava i lab le  
f o r  the comparison o f  theory and experiment. A more complete set  o f  load- 
ing dependences was made w i t h  the mathematical formula because o f  the ease 
o f  making the computations. A s u f f i c i e n t  number o f  each are given, though, 
t o  al low an evaluat ion o f  the a b i l i t y  o f  each t o  p red ic t  experimental 
loading dependencies. 



5.2 Computer Calculated Loading Dependencies-Comparisons 

5.2.1 1/3 Scale THERMO Tank Comparisons 

The 11'3 scale THERMO tank was represented by a c y l i n d r i c a l  tank o f  equal 
volume f o r  theore t ica l  analysis and a computer program was run t o  deter- 
mine the loading dependence o f  the tank.. The tank was analyzed f o r  the 
f o l  lowing system parameters: 

A. Frequency Range: 1 - 4 GHz 

B. Die lec t r i c :  LH2 1.23, LN2 1.46, Benzene 2.28 

C. System "Q": m, IO,OOO, 6666, 5000, 2500 

^, 

The system "Q" i s  calcu lated as approximately 4,500 f o r  both LH2 and LN2. 
d i e l e c t r i c  f i l l i n g s .  The nearest system "Q" value tha t  was run on the 
computer program i s  5,000. Figure 5-1 shows a comparison o f  the ca lcu la t -  
ed and the experimental loading dependence performed w i t h  LN . The com- 
p l e t e  computer analysis fo r  LN2 can be found i n  Appendix D, Section 1. 

I t  can be concluded tha t  the s t a t i c  loading response can be accurately 
predicted. 
THERMO tank, .but was performed on the simulated spacecraft tank. 
the external  IIQ" is the dominant fac to r  i n  the system "Q" for low loss 
die1ectrics;a d i r e c t  comparison can be made r e l a t i n g  the theoret ica l  re- 
sponse o f  the 1/3 scale THERMO tank t o  the experimental response obtained 
on the simulated spacecraft tank. That i s ,  the slope o r  s e n s i t i v i t y  
should remain the same. Figure 5-2 shows the theore t ica l  loading response 
f o r  the 1/3 scale THERMO tank assuming a system "Q" o f  5000. Figure 5-3 
I s  the experimental curve obtained when a s t a t i c  LH2 loading t e s t  was con- 
ducted on the simulated spacecraft tank. I t  can be seen t h a t  the raticr 

A LH2 s t a t i c  loading t e s t  was not  performed on the 1/3.scale 
Since 

t o  N i s  constant. 
N f u l  1 empty 

N f  - =  1.46 (1 /3  Scale THERMO Tank - Theoret ical)  Ne 

N f  - = 1.44 (Simulated Spacecraft Tank - Experimental) Ne 

I f  the 1/3 THERMO tank was capable o f  containing LH2, a complete compari- 
son could be-made o f  the predic ted resu l ts  and the experimental resul ts .  
The equivalence o f  slope, however, suffices.; therefore,  a complete analy- 
s i s  has been made of the 1/3 scale THERMO tank f o r  s t a t i c  loadings w i t h  
Benzene, LN2 and LH . 
frequency range, an3 the correct  loading s e n s i t i v i t y .  

The resu l ts  o f  the analysis spec i f ied  the operat ing 

5.2.2 2/5 Scale THERMO Tank Comparisons 

-A  computer analysis was made o f  the 2/5 scale THERMO tank by assuming an 
'equivalent volumetr ic cy1 i n d r i c a l  tank (L/D r a t i o  equal t o  t h a t  o f  . the 

5- 2 
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THERM0 tank) 
t r i c  used was Benzene, 2.28. 

The analysis was performed for the frequency range 
cutoff frequency was chosen as 2.4 GHz i n  the. exper 
comparison o i - t h e  mode d i s t r i b u t i o n  curves san.be -made t o  see i f  the upper 
cut9ff frequency i s  correct .  For s t a t i c  loadings w i t h  Benzene, the system 
"Q" can be ca lcu lated as: 

and so l v ing  f o r  the resonant modes o f  the tank. The dielec- 

Hz. The upper 

1 
. 1  1 

Qsystem = 4500 + 6500 g 2600 

Computer runs were made f o r  the fo l low ing  system " Q " ' s :  
5,000, 2,000, 1,000. The mode d i s t r i b u t i o n  curve, Figure 5-4 f o r  a systenl 
ilQ'i of  2,000 .and a f r a c t i o n a l  f i l l i n g  o f  0.9, shows tha t  the po in t  o f  zero 
slope d2N/df2=0, i s  a t  a frequency o f  approximately 2.4 GHz. 

The pr&iicted s t a t i c  loading response compared t o  the experimental curve 
f o r  p a r t i a l  f i l l i n g s  w i t h  Benzene i s  shown i n  Figure 5-5. Again, the 
theoret ica l  fnd experimental loading responses are i n  agreement. 

a, 20,000, 10,000, 

5.3 Mathematical Formula Loading Dependencies Comparison 

5.3.1 'S-%VB Tank Comparison 

The mathematical formula f o r  loading dependence was appl ied t o  the calcu- 
. l a t i o n  o f  the response o f  the 1/20 scale S - t V B  model tanks. The tank was 

analyzed f o r  the fo l low ing  system parameters: 

A. Frequency Range: 2 - 4 GHz 

B. D ie lec t r i c :  Benzene, E = 2.28, Q = 6500 r 

C .  External "Q":  

D, Tank Volume: 

2000, 2500, 3000 

29 L i t e r s  

The system "Q" was measured as varying from 1000 t o  2500 as reported i n  
Section 4,3. An average "Q" value would f a l l  around 1750 f o r  the tank 
f u l l y  loaded.. 
For the mathematical formula: 

The "Q" o f  Benzene i s  6500, and the external  "Q" i s  2500. 

N I s  calcu lated a t  each end o f  the frequency band (N, and N ? ) ,  and the  
d i f ference found (N2 * N1) g i v ing  the numbe; o f  dete2table ;esonances i n  
the  band.. The maximum number o f  resonances N '  i s  given by: 
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I I 
and El + (E2 - E;) a 

Qdie lec t r i c -=  E'; + [E; - E;) a 

The d i e l e c t r i c  "Q" here i s  assumed t o  vary. f rom t h a t  f o r  the tank f u l l  o f  
gas (a = 0) t o  the tank f u l l - o f  l i q u i d  (a = 1). 

The r e s u l t  o f  the ca lcu la t ion  i s  shown i n  f i g u r e  5-6 f o r  empty tank l lQ l t l s  
o f  2000, 2500 and 3000. The ca lcu lated response i s  bowed, wh i le  the exper i -  
mental response is. l i n e a r .  The bow i n  the ca lcu lated response i s  due t o  
the way the average "Q" i s  assumed t o  vary w i t h  tank content, and the load- 
ing response.with lower o r  h igher  "Q" d i e l e c t r i c s  must be looked a t  t o  see 
i f  the predic ted response f i t s  these s i t ua t i ons  be t te r .  

5.3.2 Loading Response Spacecraft Tank 

To check the predic ted loading response f o r  lower "Q." d i e l e c t r i c s  o r  o ther  
tank external  "Q" values, a cigar-shaped model spacecraft tank was analyzed. 
Experimental .data was ava i lab le  f o r  t h i s  tank from the Phase A studies.  The 
tank was analyzed f o r  the fo l low ing  parameters. 

A. Frequency Range: 2 - 4 GHz 

B. D ie lec t r i cs :  Benzene E = 2.28, Q = 6500 r 

r 

r 

Freon E = 2.425,Q = 87 
Polystyrene E = 1.925,Q = 240 

C.  External ''Ql': 4000 

D. Tank Volume: ' 59 L i t e r s  

The comparison o f  the predic ted and experimental response f o r  these d ie lec-  
t r i c s  i s  shown i n  Figures 5-7 t o  5-10. The comparison f o r  the loading 
shows a predic ted response somewhat higher and more bowed than the exper i -  
mental data. I t  i s  thought, t h a t  the experimental exc i ta t i on  method used 
(transmission type) achieved on ly  f a i r  resonance .detectabi 1 i t y ,  and thus, 
the experimental response would be below the predic ted response. .For the 
Freon and Polrystyrene d i e l e c t r i c  loadings, the  form o f  the predic ted re- 
sponse i s  s i m i l a r  t o  the experimental and somewhat higher. Again, t h i s  
could be due t o  poor resonance detect ion f o r  the transmission exc i ta t i on  method. 

5.3.3 Loading Response 1/3 Scale THERM0 

A tank o f  a d i f f e r e n t  shape than the previous two, and having a d i f f e r e n t  
external  "Q", was the 1/3 scale THERM0 tank. The tank was analyzed f o r  
the f o l  lowing parameters: 

A. Frequency Range: 2 - 4 GHz 

6.  Die lec t r i c :  7 = 1.23, 

= 1.428, Q = 2.34 x 10 
Q = . l  x 10 

4 LH 2 'r 
c LN2 r 

Benzene er = 2.28, Q = 6500 
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C. External ''Q'I: 4500 

D. Tank Volume: 37.4 L i t e r  

A comparison-was made hetween the computer p red ic t ion  .and the mathematical 
p red ic t ion  f o r  LH as no experimental data was- a v a i l a b l e - f o r  LH i n  t h i s  
tank (Figure 5-11 f . However, the computer p red ic t i on  f o r  t h i s  gank was 
compared to expCrimenta1 data f o r  the simulated spacecraft tank (Figure 
(5-3). 
two pred ic t ion  techniques. Just  how much t h i s  d i f ference matters f o r  
p red ic t i ng  the SST response w i t h  LH must be seen from the app l ica t ion  o f  
the mathematizal formula t o  the SST?' O f  i n te res t  here, also, i s  the f a c t  
tha t  the loading response predic ted by the mathematical formula i s  l i n e a r  
i n  contrast  to the bowed response shown f o r  Benzene I n  other  tanks o r  t h i s  
tank. 

I t  i s  apparent t h a t  a d i f ference does e x i s t  i n  the slopes o f  the 

The mathematical p red ic t i on  f o r  LN2 i n  t h i s  tank i s  a l m o s t  p a r a l l e l ,  but  
bowed I n  comparison t o  the experimental response (Figure 5-12). The 
d i f ference i n  the number o f  resonances, i s  probably due t o  non-optimum 
exc i ta t ion .  
and t h i s  seems t o  be s u f f i c i e n t  t o  keep the response approximately con- 
s tan t  w i t h  d i .e lec t r i c  re loca t ion  i n  the tank. Again, the mathematical 
formula response i s  not  as h igh as tha t  o f  the computer formula, and tends 
t o  p a r a l l e l  the actual  data b e t t e r .  

Usually on ly  about 90% o f  the predic ted response i s  achieved 

For Benzene loading the "Q" external  equal t o  4500 does not q u i t e  p a r a l l e l  
the experimental data, and i s  bowed (Figure 5-13). 
sponse i s  lower than the predic ted response as has been found f o r  the 
tanks previous 1 y ana 1 yzed. 

Loading Dependence O f  Simulated Spacecraft Tank 

The experimental re- 

5 . 3 . 4  

The Dewar used t o  simulate the spacecraft tanks was analyzed f o r  LH2 and 
Benzene loading dependencies. The tank parameters were: 

A. Frequency Range: 2.8 - 4.0 GHz 

7 
E = 1.23, Q = 1 x 10 LH 2 r B. D i e l e c t r i c :  

Benzene E = 2.28, Q = 6500 r 

C. External "Q'l: 2500, 4000, 4500, 5000 

D. Tank Volume: 27.8 L i t e r  

Several d i f f e r e n t  external  "Qll values were used t o  show the d i f ference i n  
the predic ted response w i t h  each "Q" value. 

The predic ted response w i t h  LH2 i s  shown i n  Figure 5-14, and i s  roughly 
paral  le1 t o  the experimental response f o r  external  "Q" values o f  4500 and 
5000. The use o f  an external  "Q" o f  2500 i s  too low t o  agree w i t h  the 
data. I n  l a t e r  experiments, the empty tank count was raised t o  315 w i t h  
Benzene. Here the Benzene response moved up roughly paral  le1 t o  i t s e l f ,  
thus, i f  the LH experimental response i s  moved up t o  correspond t o  a 2 
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count of 315 empty, a be t te r  agreement is found between the magnitude of 
t h e  predicted and experimental response. The  measured empty  tank external 
"Q" was 5100 which is close t o  t h e  4500 and 5000 used  for  t h e  predicted 
response curves . 
For Benzene loading, t h e  predicted loading response i s  p a r a l l e l ,  b u t  bowed 
for  an external "Qi' of 4500 and 5000. 
2500 i s  too low t o  agree w i t h  the experimental loading response (Figure 5-15) 

The predicted response f o r  "Q" of 

5.3.5 Loading Response 2/5 Scale THERMO Tank 

A loading response was calculated for  the 2/5 scale  THERMO tank loaded w i t h  
Benzene. The tank parameters were as follows: 

A .  Frequency Range: 1.0 - 2.4  G H z  
1 .2  - 2 . 4  GHz 

B .  Dielectric:  Benzene E = 2.28,  Q = 6500 

C.  External "Q'l: 2000, 2500, 5000 

D. T a n k  Volume: 69.5 Li ter  

r 

A measurement of the external tank "Q" of the empty tank gave an average 
v a l u e  of 2100 over the frequency range of in te res t .  T h e  loading response 
was calculated w i t h  d i f ferent  external "Q" values to  show the difference 
i n  predicted response. These predicted responses w i t h  Benzene a re  shown 
i n  Figures 5-16 and 5-17. 
2000 and 2500 "Q" values l i e  on e i t h e r  side of the experimental response 
for  a f u l l  tank. Thus, i t  appears t h a t  a loading prediction for  an 
external "Q" of 2100 would give a f a i r  agreement w i t h  the experimental 
resul ts .  Also, the predicted response for "Q" of 5000 i s  not paral le l  to  
the experimental data emphasizing the be t te r  f i t  o f  the lower "Q" value. 

I n  each case,  the predicted response of the 

5 - 4  Concl us ion 

W h i l e  a great number of comparisons o f  the computer calculation and the 
mathematical formula to experimental data have not been presented, there 
a re  a suf f ic ien t  number available t o  make preliminary conclusions. 

The  loading response of the mathematical formula para1 l e l s  the experimental 
data bet ter  than the computer calculation. Some bowing e x i s t s  i n  the pre- 
dicted loading response of the mathematical formula, which is not present 
i n  the experimental response. This formula, however, i s  f e l t  t o  be  more 
r e a l i s t i c  i n  t a k i n g  into account the variation i n  the average system "Qll 

between the empty and f u l l  tank case t h a n  the computer calculation f i t s  
which were made for  constant system "Q" values. The cases where e i t h e r  
the d i e l e c t r i c  "Q" o r  external "Ql' largely determine the system "Q", give 
b e t t e r  correspondence between the mathematical formula and the experiment- 
al data than t h e  case where both factors must be considered. However, i n  
the l a t t e r  case, where upward bowing occurs, i f  a s t ra ight  l ine were drawn 
between t h e  empty tank and fu l l  tank predicted response, a good corrcspon- 
dence would e x i s t  between the form of the predicted and experimental load- 
I ng response. 
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In  conclusion, i t  appears that the mathematbca4 .formula f o r  the prediction 
o f  tank loadimg response can be used i n  pl.ace--of .the .computer calculation. 
In  addition,-much time and labor can be .saved-.i.n ,using -the mathematical 
formula in  place o f  the computer calcul.ation, because o f  i t s  compact form 
and general a p p l i c a b i l i t y .  
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SECTION V I  

GENERALIZED RF GAGING HANDBOOK 

The purpose o f  the Phase B study program can be summarized as the develop- 
ment o f  system parameters and spec i f i ca t ions  t h a t  spec i fy  the use and l i m i t a -  
t i o n s  o f  a Radio Frequency Gaging System f o r  general ized tank conf igurat ions.  

The basic theory developed i n  Phase B permits the so lu t i on  o f  the modes tha t  
e x i s t  I n  the fo l low ing  tank geometries: 

a> rectangular tank 

b) c y l i n d r i c a l  tank 

c) spher ical  tank 

d) tanks tha t  are volumes o f  revolut iop 

The theory ou t l i nes  mode so lut ions f o r  a l l  general ized spacecraft tanks, in-  
c lud ing tanks w i t h  re-entrant sections such as the s-IVB and THERMO tanks. 
The use o f  the s t a t i s t i c a l  program al lows f o r  the inc lus ion o f  the physical 
e f f e c t  o f  system "Q", and provides a means o f  determining optimum frequency 
band o f  operat ion as w e l l  as loading dependence, The simulat ion o f  the S-IVB 
and THERMO tanks by the use o f  equivalent c y l i n d r i c a l  tanks (volume and L/D 
r a t i o ) ,  provides a simple means o f  so lv ing  f o r  the number o f  resonances w i th -  
i n  the tanks. 

The experimental work coupled w i t h  the theore t ica l  work developed i n  Phase B 
permits the formulat ion o f  design parameters that  spec i fy  the use and l i m i t a -  
t ions  o f  the R.F. Gaging System. 

A. Tank Configurations 

The R.F. Gaging System can be used t o  gage the fo l low ing  tanks under 
zero g rav i t y  condi t ions i f  the tank can be proper ly  i l luminated (depen- 
dent upon conf igurat ion and use o f  re-entrant sections) w i t h  R.F energy 
i.e., 90% o f  the theore t ica l  maximum empty tank resonance count i s  ob- 
t a i  nab l e :  

rectangular tanks 

cy1 i n d r i c a l  tanks 

spher ical  tanks 

cy1 i n d r i c a l  tank w i t h  one hemisphere 

cy1 i n d r i c a l  tank w i t h  two hemispheres 

tanks tha t  are volumes o f  revo lu t ion  

S-IVB tanks 

THERMO tank 

6- 1 



I n s t r u m e n t s &  
Life support 
Division 

Tanks tha t  have reentrant sections should be analyzed using the 
volumes o f  revo lu t ion  theory t o  insure t h a t  none o f  the RF energy i s  
d iss ipated i n  the  reentrant section. I n  general, i f  the reentrant 
sect ion i s  concaved outward, the RF energy can be re f l ec ted  and a 
matched cond i t ion  achieved. 

A good design r u l e  i s  t h a t  the reentrant sect ion should be a t  leas t  
a quarter wavelength o f  the center frequency o f  the tank's operat ing 
frequency band across the base o f  the section. A quarter wavelength 

( h ) a t  f, was chosen since i t  i s  a t  t h i s  frequency t h a t  a la rae  number 
o f  resonances are- s t a t i s t i c a l l y  or ientated. I t  was found t h a t  a lower 
frequency i s  too r e s t r i c t i v e .  Figure 6-1 i l l u s t r a t e s  the r e s u l t s  
developed over a s t a t i s t i c a l  value o f  many experiments. 

A-A 

DETAIL OF REENTRANT SECTION 

FIGURE 6-1 

In ternal  m e t a l l i c  perturbat ions tend t o  ass i s t  the operat ion o f  the 
mass gage because they s p l i t  mode degeneracies the computer programer 
reveales e x i s t  i n  symmetrical sections. The use o f  stand pipes, wal l  
spheres, vents, and temperature probes w i l l  not  a f f e c t  the RF system. 
Mater ia ls  t h a t  have h igh losses (low Q ' s )  inc lud ing tank wa l ls  must 
be taken i n t o  considerat ion however. The low Q w i l l  modify the 
loading dependence and can be taken i n t o  account through use o f  the 
s t a t i s t i c a l  computer program. 

The basic volumes t h a t  can be gaged are dependent on the a b i l i t y  t o  
completely i l l umina te  the tank w i t h  RF energy and the frequency range 
o f  the RF o s c i l l a t o r s  avai lab le.  
i s  dependent.on the a v a i l a b i l i t y  o f  RF s o l i d  s t a t e  sweep o s c i l l a t o r s .  
With present state-of- the-art  o s c i l l a t o r s  (1.5 t o  3.6 GHz) a volume . 

as small as 4,000 cubic inches can be gaged w i t h  ease. The maximum 
volume t h a t  can be gaged i s  dependent o f  the  a b i l i t y  to uni formly 
i l l um ina te  the e n t i r e  tank w i t h  RF energy. 
be l ieve t h a t  tanks having volumes o f  approximately 25,000 cubic f e e t  
can be gaged using RF techniques. 

The minimum volume t h a t  can be gaged 

Experience leads Bendix to  
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B. Propellant Characteristics 

DI ELECTRI C CONSTANT (E)  

1.23 

1.428 

1.52 

1.510 

MATER I AL 

Liquid Hydrogen 

LOSS TANGENT (6) 

1 10-7 

3 10-5 

3 .5  10-55; 

9 10-4 

Liquid Nitrogen 

Liquid Fluorine 

Liquid Oxygen 

J; Estimated 

Again, other propellants can be gaged satisfactorily, using a multiple reson- 
ance counting technique .if the propellant loss tangent is less than 10 x lo-? 

C . Loadi ng Dependence 

For a given tank and fluids, the R.F. parameters f,, f,, N1,2 (empty), N1,2 
(full) can be determined as shown in Figures 6-2 and 6-3. 

The intersection of this N' for a-1 with N'=Q/3 is found. The Q used, is 
cal cula ted f rorn: 

Q'i + Q'l 
Q2iterna 1 d ielect r i c 

El'  + (E; - E;) a S6 1 
v r-+ 

E; + (€; - E;, a 

Where : V = Interior Tank Volume 
S = Interior Tank Area 
6 = e'lDepth of Field Penetration Into lnterior Wall 

- - E- 
a = Wall Conductivity In MKS Units 

1.1 = Wall Permeability In MKS Units 
w = Frequency in Radians 
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- - - -  - -  - - _ . - -  I 
I 
I ,f. 
rnax 

f frni n 

Figure 6-2 I l l u s t r a t i o n  of  fmin and fmax determination 

N 

N2 

N 1  

,Q = OD 

N '  

Figure 6-3 Determination o f  resonance count 
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This determines the 
the m i  n i mum des 1 rab 1 

tank f o r  a f 2% system ac 
t h i s  number i s  reached. 

Next, the loading cha rac te r i s t i c  f o r  the tank i s  computed by a l lowing a t o  
vary and using: 

N = N '  (1  - exp (- x)+X E, (x)), 
X 

Where:E (x) = - y - I n  x - XI (-on - 
n ! n  

= Exponential In tegra l  

y = Euler 's  constant 

= 0.5772 

x = Q/3N' 

Here w i s  chosen i n  the center o f  the frequency band f o r  coovenience i n  
I n  t h i s  way: externa 1 ' ca l cu la t i ng  Q 

N = N,-N, 
1 9 2  

Where : N,= N Calculated a t  f, 

N,= N Calculated a t  f, 

may be ca lcu lated f o r  the empty and f u l ,  tank and the detectable resonance 
count di f ference between empty (a = 0), and f u l l  ( a  = 1) loading determined. 
This gives a quick ca lcu la t ion  o f  the expected system resonance count sensi- 
t i v i t y  t o  propel lant  i n  the tanks. For low external  tank Q and/or medium 
loss l i q u i d s  such as LOX, the loading dependence w i l l  show a decreasing N, 
w i t h  a d  This loading response curve o f  td, , versus a i s  convex (Figure 6-4p. 
w i t h  respect t o  the a axis. This predic ted response i s  t o  be used as i s .  
For a tank having a h igh external  Q, and loaded w i th  low loss l i q u i d s  (LH 
LN2, LF2) the p l o t  o f  N 
the a axis.  

versus a i s  concave ( f i g u r e  6-4) w i t h  respect 3; 
1 9 2  

CONCAVE 

CONVEX 

LOAD I NG RESPO N,,2 CONCAVE AND CONVEX w . r . t .  a A X I S  

FIGURE 6-4 
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i n  Figure 6-3 to obt 
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SECTION V I 1  
CONCLUSIONS 

From the theore t ica l  analysis of the tanks studied and the experimental resu l ts  
o f  the tes ts  conducted t o - v e r i f y  the theore t ica l  analysis, the fo l low ing  con- 
c l  us ions can be made: 

The R.F. Gaging System i s  independent o f  p rope l lan t  loca t ion  w i t h i n  the 
tank t o  a degree s u f f i c i e n t  t o  meet the basic s e n s i t i v i t y  and accuracy de- 
s ign goals o f  f 2% o f  f u l l  tank mass content. 

The R.F. Gaging System can be appl ied t o  a va r ie t y  o f  tank and cryogenic 
propel lant  combinations. The tanks may have many d i f f e r e n t  sizes. 

Complex tanks such as the S - I V B  and THERM0 tanks can be simulated by the use 
o f  equivalent volumetr ic cy1 i n d r i c a l  tanks having s i m i l a r  "L/D" r a t i o s  f o r  
system opt imizat ion.  Computer programs have been w r i t t e n  tha t  provide a 
means o f  determining an optimum frequency band and the loading dependence 
f o r  the general ized tanks. These programs include the e f f e c t  o f  the physi- 
cal parameters on system "Q". An a l te rna te  and shor ter  computational pro- 
cedure has been formulated which provides equivalent resu l ts  by use o f  a 
ma thema t I ca 1 formu 1 a. 

The "no loss" loading dependence f o r  tanks f i l l e d  w i th  a d i e l e c t r i c  mater ia l  
Is approximated by the mathematical formula: 

The loading dependend f o r  tanks w i t h  "loss1' i s  approximated by the mathe- 
matical formula: 

Q = Average sys tem qual i t y  fac to r  

E,= Exponential In tegra l  

Thyse approximation become b e t t e r  as the numb 
(Ni) f o r  a given tank i s  increased. 

r o f  resonances xc i  tab le 

The sampling time o f  the system w i l l  meet the  desired response time o f  less 
than 0.5 seconds. 

The implementation o f  the  Radio Frequency Zero "GI' Gaging System f o r  space 
appl icat ions using present s ta te-of - the-ar t  components i s  feas ib le .  

The basic ob jec t ive  o f  determining the f e a s i b i l i t y  o f  using a R.F. resonance 
counting technique t o  measure the propel lant  mass aboard an o r b i t i n g  space 
vehic le  has been proven. The R.F. Gaging System tha t  was def ined dur ing the 
study w i l l  meet the design speci f icat ions.  
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SECTION V I  I I 

RECOMMENDATIONS 

During the performance o f  both Phase A-and Phase B of the feasi  b i  1 i t y  study, 
the need f o r  the development o f  some state-of- the-art  e l e c t r o n i c  hardware 
became necessary. 
the f e a s i b i l i t y  study has emphasized the e f f o r t  needed t o  produce a complete 
RF Gaging System su i tab le  f o r  space-applicatjons. W h i l e - f e a s i b i l i t y  has been 
proven using laboratory equipment, the-imp3ementation of  a complete RF Gaging 
System has not  been accomplished. The Bendix Corporation recommends tha t  i n  
order t o  assure t h a t  a phys l ca l l y  rea l i zab le  RF Gaging System can be fabr icated, 
a complete breadboard prototype system.should be-constructed. The necessity 
for  development o f  a breadboard system-can b e , j u s t i f i e d  on the basis o f :  
I ) .  the technical  hardware problems generated dur ing. the f e a s i b i l i t y  study, and 
2) 
d e f l n f  t i o n  qf a f l i g h t -  prototype system. 

The use o f  RF Gaging subsystems . fo r  .test.purposes dur ing 

f a b r i c a t i o n  and t e s t i n g  o f  the entire.systetn.wi 11 completely speci fy  the 

The proposed breadboard system i s  sham i n  Figure 8-1. 
t ha t  a system consis t ing o f  these subassernblies.shou1d.be fabr icated and 
tested w l t h  a scale mode1 tank i n  order t o  re in fo rce  the system speci f ica-  
t ions developed i n  Volume I ,  Appendix C. I t  i s  proposed t h a t  the bread- 
board system be implemented i n  a per iod of 3 months. This' work w i l l  be broken 
down i n t o  the fo l lowing three tasks: 

It i s  recommended 

1. Fabricate basic system. 
2. Test subassemblies. 
3. Test basic system. 

The e f f o r t  accomplished i n  t h i s  program w i l l  be used t o  prepare a repor t  
describing the cha rac te r i s t i cs  o f  an RF Gaging System. Included i n  t h i s  
repor t  w i l l  be a new ind i ca t i on  o f  any problem area which can be ex- 
perienced i n  the implementation of a f l i g h t  type prototype RF Gaging 
Sys tern. 
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APPENOI X A 

THEWTICAL ANALYSIS OF CAVETIES 



APPENDIX A 

INTRODUCTION 

This appendix consists of  the theoretical analysis of the resonances for: 
partlatly filled cavities. 
cylindrical, and spherlcal cavities. 
of resonance whtch may be .solved to determine the number of resonances i n  any - 
frequency band for any partiat Zflling. 

The analysis has been directed toward rectangular, 
The analysis provides the basic equations 



SECTION I 
THEORETI CAL ANALYS IS OF A RECTANGULAR CAV I TY 

... . , M i CROWAVE THEORY 'BEH 1 NO 'RECIWGULAR .CRv I Ti' * "' I -.- ' 

The theory Is e s s e n t i a l l y  t h a t  of R, F, Harrington's, adapted from wavegulde t o  
cav i ty .  The important dTfference Is t h e  region where standing waves i n  the  I f -  
qufd  are supported by exponential type solutlons i n  the frae space p a r t  of the  
cav l ty .  For the  computer program, a l l  the variables must be real. Consequently, 
there  are genera l ly  two cases to consider, 
standing waves I n  boih the  l l q u l d  and a i r ,  and second, the  case of standing 
waves On the  iOquld OtltyD ' 

The f i r s t  Is the  s lmpler case of 

Case I ,  Resonances Having Standing Waves I n  Both The t l q u l d  And A i r  

Hare, uslna Harrtngion's notat ion, we assume J, so lu t lons  f o r  TM t o  X 

resonances as Follows: 

The wave equatton gives: 

A- I 



H -E - c Y2 

- n r  
22 x2 

H I- C2 Cos K (a-x) 

Cont inu i ty  of’E and E a t  x=d gives: 
Y 2 

C2 Sin K (a-d) CF Sin K d = - ’“1 ‘<X2 - 
E1 X? EO x2 

Cont inu i ty  of H and HZ a t  x=d gives: 
Y 

C- Cos K - d  = C. Cos K (a-d) t x t  2 x2 

D iv id ing  these l a s t  two equations gives: ’ 

-K Tan K d = E K Tan Kx2 (a-d) 
X I  . X I  r x2 

or 

Sin Kx,d Cos Kx2 (a-d) + E r K x2 Cos Kxld Sin Kx2 (a-d) = 0 ( I C )  
Kx I 

For Resonances TE t o  the x a x i s  we assume: 

= c Sin K x COS COS 
* I  I x l  

(a-x) COS !EY Cos pat * 2 = c2 Sin x2 - b C 

. I  . .  _ .  . 
The wave equation gives; 

cos 
Z l  I E 



H 

- I  
Hzt =JFq-cf  

Ey2 = c a E C  s 

-nn = - - c  s E ~ 2  b 2 

H = -  
y 2  A, C2 

I 
HZ2 = JW"0 
Gont inu i ty  of Ev rnd E, a t  x=d gfvas: 

CI SfnXxld = C2 Sln Ke (r-d) 

ConSlnuTty QV H mnd dz a t  x=d gives: Y 

"5 - COS Kxtd c2 1x2 (a-d)  C'as Kxz 0 

Dfvldlng thaso and put t ing  w f  = po-gives: 

Cot Kx,d * Kxi Cot Xx2 (a-d) -Kx I 

or 

KxT e00 Kx,d Sln Kwz h - d )  + KMs Sin K d Cos Kxz (a-d) = 0 

Thus, fo s(rt -th* fM Resonances, we solve equations ( l a ) ,  ( l b )  and 

4 I C ) ;  for thm TE 'Resonances we solve equations (2a),  (2b) and (26). 

X I  
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Case 2. 

Here, usina Harrington's notation, we assume JI solutions for TM to x 
resonances as follows: 

JII = C 1  Cos Kxl x Sin 9 Sin C 

$2 = C2 Cosh Kx2 (a-x) Sin 9 Sin E C 

The wave eqvation now gives: 
2 2 

Kx I + (Fr 4- [$LIZ 

'Kx2 + (a)' I c") 

Er (3 
El 

2 2 2 + e  = 

(3a) 

(3b) 

And the field components of interest are: 
E =-c - 1  K -Sin ns K~~ x ~ o s F s i n E  
y l  J U E ~  I X I  b C 

x Sin ?COS pn+ E - S i n  K~~ 
C EZ, = - -I C K 

JUEl I X I  C 

H = E cI COS K~~ x sin ?COS E Y l  c C 

cI  COS K ~ ,  x COS 9 Sin E nT 
"Z I  - b C 

E = L C K  nv Sinh Kx2 (a-x) Cos ?Sin E Y2 JUEo 2 x2 b C 

E Sinh Kx2 (a-x) Sin ?Cos E EZ2 Jwe0 2 x2 c C 
- - -C - 1  K 

H = E C1 Cosh Kx2 (a-x) Sin 9 Cos E Y2 c C 

- ,nn - - C Cosh Kx2 (a-x) Cos 9 Sin E H22 b 2 C 

Continuity of E and E, at x=d gives: Y 

C K  
Kxl S i n  s1d = x2 Sinh Kx2 (a-d) 

E 1 0 
E 
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Continulty o f  H and HZ a t  xEd gives: 
Y 

C Cos K '  d = C Cosh K [a-d) 
I X I  2 x2 

Dividing these gives: 

Kx2 - % I Tan ,Kxl - Tanh Kx2 l9-d) 
0 

& "I 

Of" 

Kx, S in  Kx,d Cosh Kxz (a-d) Kx2 Cos Kxrd Sinh Kx2 (a-d) = 0 (3c) 

For resonances TE to  the x axis we assume: 

= cI Sin K~~ x COS ?COS 

= C2 Slnh Kx2 (a-x> Cos Cos 9 92 

.. t . *  The wave equation gives, 

and the f i e l d  componenfs become: 
E = E C ,  S i n K  X I  x C o r ~ S l n ~  

Y l  = 
- cI Sin K,, x s i n  ?cos E - IT C 

- 1 .  -.COS nn K ~ ,  x Sin ?COS H =  yl q c l  Kxl b 

=-IC K  cos,^ X I  x c o s ~ s i n  E c HZI Jol'l I xi c . 
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-X I 2 

= K C Cosh Kx2 (a-x) Sin ?Cos E HZ2 jwp c x2 2 C 
0 

Cont inu i ty  of  E 
Y 

Cl Sin Kx,d = C2 Sinh K i 2  (a-d) 

and E, a t  x=d gives: 

Cont inu i ty  of H, and H, a t  x=d gives: 

D iv id ing  these and 

c2 -Gosh Kx2 Kx2 (a-d) 

p u t t i n g  p = p ,  gives:, 
1 0 

-Kx, Cot K x l d  = Kx2 Coth K x 2  (a-d) 

or 

Cos Kxld Sinh Kx2 (a-d) + Kx2 Sin Kxld Cosh Kx2 (a-d) = 0 
KX I (4c) 

Thus, t o  get the TM resonances, we solve equations (Sa) 
'and t o  get the TE resonances, we solve equationk (4a), (4b) and (4c). 

(3b) and (3c) 

SUMMARY OF EQUATIONS TO SOLVE,, AND METHOD OF SOLUTION 

For TM resonances i n  Case I ,  we solve: 
2 

K X I  + (F)2 + E  ( )2  = cy [:I2 ( l a )  

K Sin K d Cos Kx2 (a-d) + E K Cos Kx,d Sin Kx2 (a-d) = 0 ( I C )  
X I  X I  r x2 

For TE 'resovahces i n  Case 1 ,  we solve: 
2 

Kx I + (y2 (2a) 

2 2 
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Kxl Cos Kxld Sin Kx2 (a-d) + K i 2  S in Kx,d Cos Kx2 (a-d) = 0 (2c) 

For TM Resonances i n  Case 2 we solve: 
2 

Kxl + (?I2 + (FI2 = E~ (!$I2 
2 

'kx2 

t3a) 

Sin Kxld Cosh Kx2 (a-d) - L K 
KX I r x2 Cos Kx,d Slnh Kx2 (a-d) = 0 (3c) 

For TE Resonances i n  Case 2 we solve: 
2 f [T)2 + (q2 = Er (:I2 

Kxl + (F) ( c"), = (q2 
KX I 

2 +  P 2 

(4a 1 

(4b) 

Kxl Cos Kxld Slnh Kx2 (a-d) + Kx2 S ln  K d Cash Kx2 (a-d) = 0 (4c) 
X I  

By the  assumption o f  t h l s ' t y p e  o f  solut ion,  we have I n  a l l  cases, taken K x i ,  and 
K r e a l  
r&?ers i o  standing waves. ir i ease I r e f e r s  i o  a standing wave, and 

Also, Kxl has the  same meaning In both Case I and Case 2, s ince it 
However, K 

i n  Case 2 re fe rs  t o  a decayfng wa%. Thus Kx2 has two d l f f e r e n t  meanings, 

Consider the s e t  of  resonances having constant n and p values. 
&I, by equations ( l a ) ,  (2a), (3a) and (4a), w i l l  have a lower Bound o f  zero, 
and an I n f i n i t e  upper bound. 
ax[ glven by: 

Kx2 

Then, as w i s  var ied 

Thus, we may say t h a t  t he re  Is a c u t o f f  frequency 

And t h i s  w i  I I be ' the frequency w i t h  K 

Now f o r  Case I, Kxz w i l l  have a iower'bound rjf zero a t  a c u t o f f  frequency wx2 
glven by (from equatton (16 )  and (2b): 

equal t o  zero. 
X I  

. .-. 
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w i l l  have an upper bound o f  zero a t  a c u t o f f  frequency wx2 ( from 52 I n  Case 2, 
equation (3b and (4b))  which again i s  given by equation (5b). 

From equation (5a) and 15b) we immediately see; 

X 
w 

because > I 

Thus, we may consider three d 

< wx2 

f f e r e n t  reg ons. F i r s t ,  we say t h a t  i f  w wxl, 
no so lut ions e x i s t  a t  a l l  t o  the  equations, and hence no resonances. 
yXl < The frequency i s  above the  cut-  
o f f  frequency I n  the l iqu id ,  bu t  below the  c u t o f f  frequency i n  the  a i r .  For 
w > w 2, we have the  s i t u a t i o n  i n  Case I, where standing waves e x i s t  i n  both the  
I i q u i 8  and the  a i r ,  

For 
w < wx2, we have the  s i t u a t i o n  i n  Case 2. 

Suppose we wish t o  f i n d  the  number o f  resonances between b o  frequencles f d  and f2 
( f  1 < f2 ) .  
cannot be s a t i s f i e d ) .  
We c a l l  the frequencies corresponding t o  these f 4  and f 3  respect ively.  
f 4  <-rf3. Thus, f o r  t h i s  (n, p) p a i r  we have two frequency ranges. The f i r s t  
i s  the frequency range i n  which we want the  resonances f l  t o  f2.  
i s  t he  frequency range f 4  t o  fg.  Between 
f 4  and f3, there may be resonances which must be solved by equations (3a), (3b), 

, there may be resonances which must be ( 3 ~ 1 ,  (4a), (4b) and ( 4 ~ ) .  
solved by equations ( l a ) ,  ( l b ) ,  ( IC , (2a1, (2b), and ( 2 ~ ) .  Thus, t he  i n i t i a l  
p a r t  o f  t he  problem w i l l  come i n  deciding the re la t i onsh ip  between the f l ,  f 2  
range and t h e  f4, f3 range. When t h i s  has been done, and the  equations t o  be 
solved f o r  the given p a r t i a l  frequency range’decided upon, then w i s  taken t o  
be the  independent var iable.  
chosen, and the  corresponding GI and Q2 are ca lcu lated from the  appropriate 
equation. These,values are then put  i n t o  the  t h i r d  equation o f  t h e  group, and 
the  value o f  the funct ion on the  lef thand side o f  t he  equals s ign  i s  calculated. 
An improvement i s  then added t o  w, and the  funct ion i s  recalculated. This new 
value o f  the funct ion i s  then compared t o  the o l d  value, and i f  a change of s ign 
has taken place, then it i s  known t h a t  there i s  a resonance between the  o l d  and 
new values o f  w. 
bu t  simply whether there i s  one there, t he  approximate frequency w i s  p r i n ted  
out, and the value o f  w Is again increased t o  see i f  there are any more modes. 
When w reaches the  upper l i m i t  o f  the frequency range, the  next range i s  chosen 
and the  process repeated. When a l l  t he  resonances have been found f o r  a given 
(n,p) pair ,  then a d i f f e r e n t  p a i r  i s  chosen and the  new resonances found. 
Eventually, when n and p ge t  t oo  big, a l l  t he  resonances f a l l  above the  required 
frequency range, and here the  program i s  terminated. 

We f i r s t  chose n and p (no t  both zero, o r  t he  boundary condi t ions 
From equations (5a) and (5b), we ca l cu la te  w x l  and wx2. 

Hence, 

The second 
Below f4, there are no resonances. 

Above ‘3 

A value o f  w a t  one end o f  t he  frequency range i s  

Since we do not want t o  know the  accurate resonant frequencies, 
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SECTION l l 

THEORETICAL hNALYSIS 0,F A CYLINDRICAL CAVITY (EXACT) 

MICROWAVE THEORY BEHIND CYLINDRICAL CAVITY 

The idea i s  exact ly  t h a t  of the  rectangular cav i t y  appl ied t o  c y I i . . j r i c a I  ord i - 
nates. 
for resonances having standing waves i n  both the  l i q u i d  and the  a i r ,  and the  
second case i s  for resonances having standing waves i n  the  l i q u i d  being support- 
ed by exponential type waves i n  the  a i r  side. 

Case 1 .  

As i n  the  rectangular cav i ty ,  there  are  two cases. The f i r s t  case i s  

Resonances Having Standing Waves I n  Both The L iqu id  And The A i r  

Here, using Harr ington's notat ion,  we assume 9 so lu t ions  for  TM t o  
z modes as follows: 

$, = C, Jn (v) [EL: :] Cos KI (d-z) 

'42 = C 2 J n (F) :] Cos K2Z 

The wave equation gives: 
2 2 

K t  + ($)2 = (E) 
2 2 

K2 + 

and the  f i e l d  components of i n te res t  are: 
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H 42 = -C2 XnP a J n (F) [:A: :] COS K2z 

Continuity of E and E2 at x=c gives: 
Y 

K Sin K2c Sin KI (d-c) = - -c2 
€ 1  0 I 
- K E 2  

E Putting d-c = b and - I = gives: 
€0 

E C K Sin K l b  = -C K Sin K c r l l  2 2  2 

Continuity of H and HZ a i  x = c gives: 
Y 

C I  Cos K l b  = C2 Cos K c 2 

Dividing these equations gives: 

E 

or 

K Tan K l b  + K2 Tan K c = 0 
r I  2 

K2 Sin K2c Cos K,b + K, Cos K2c Sin K , b  = 0 ( I C )  

For modes TE to the z axis we assume: 

A - I O  



The wave equation gives: 

and the field components become: 

Continuity of E and E at x = c gives: 
P 4 

C, Sin K l b  = C Sin K2c 
2 

Continuity of H and H at x = c gives: 
P 4 

-C K COS K l b  = C K COS K2c I 1  2 2  

Dividing these gives: 

K I  Cot K l b  + K 2  Cot K ~ c  = 0 (2c) 

or 

K2 C o s  K2c Sin K l b  + KI Sin K2c Cos K l b  = 0 
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Case 2. 

Here using Harrington's notation, we assume J, solutlons for TM to 
t modes as follows: 

$ 1  = J, ( !h!!. a ) [cos S i n  n @ J Cosh KI (d-z) 

The wave equation now gives: 
2 3 2 

'Kf + 1%) = (:) 
and 

2 2 2 

K2 + (%) = et (E) (3b) 

and the field components of interest are: 



= -C2 3 X J i  (F) [sin $1 Cos K 2 t  
H$2 a Cos n Ip 

Cont inu i ty  of Ep and E a t  x = c gives: 
$ 

- K I  Sinh K l b  = - C2 K2 Sin K2c 

€ 1  E 
0 

Cont inu i ty  of H and H a t  x = c gives: 
P $ 

C, Cosh K l b  = C 
2 

Sinh K2c 

D iv id ing  gives: 

E K, Tanh K l b  = K2 Tan K2c r 

or 

K Sin K c Cosh K l b  - E 
2 2 r K, C o s ’ K 2 c  Sinh K l b  = 0 

For modes TE t o  the x ax is  we assume: 

The wave equation gives: 

2 

(-K[ + pq2 (:) 
(‘2) + %  . ( a ) = (E)  

2 2 2 

(4a) 

(4b) 

t h e  f i e l d  components become: 
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/ - - 2 n J n  (F) [ 'Os 1 Sinh KI (d-z) 
p -Sin n 4 

1 

I = C l a  a J n (%] Cos n ~ Q Sinh KI (d-z) 

K2 n J A  (%) pin Cos n 3 + Cos K2z 

Continulty of E and E at x = c gives: 
P ct, 

CI Sinh K l b  = C Sin K2c 2 

Continuity of H and H at x = c gives: 
P Cp 

I I  2 2  -K C Cosh Klb = K C COS' K2c 

Dividing these gives: 

-KI Coth K l b  = K Cot K2c 2 

or 

K2 Cos K2c Sinh K l b  + K l  Sin K2c Cosh K , b  = 0 

ing x in equations ( 1 )  and (2).  nP 

(4c) 

Thus to get the TM modes we solve equations (I), (2) and (3; and to 
get the TE modes we solve equation ( I ) ,  (2) and (41, with x replac- 

nP 
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Summary O f  Equatfons To Solve: 

For TM modes i n  Case I ,  we solve! 

K Sin K2c Cos K b + E 2 I r KI Cos K2c Sin K l b  = 0 

For TE modes, in Case I we solve: 

K2 Cos K2c S in  K ,b  + K, Sln $c Cos K l b  = 0 

For TM modes i n  Case 2, we solve: 

K2 Sin K2c Cosh K,b  - K, Cos K2c Sinh K,b  = 0 

For TE modes i n  Case 2, we solve: 

np 

1 2  

( K I  + (%) = Er (:)2 

(4a) 

( 4 b )  

K2 Cos K2c Sinti K l b  + KI Sin K2c Cosh K l b  = 0 

(3c) 

( 4 c )  
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As in the rectangular case, K, and ‘<2 are, by nature of the type of solution 
chosen, real. 
here the liquid is assumed to be in medium 2, whereas, in the previous case it 
was assumed to be in medium 1 .  

The difference between this case and the rectangular case i s  that 

The method of solution of the equation is similar to that of the rectangular 
program, in that values of the transcendental function are noted as the frequen- 
cy is changed. The main difference i s  that the frequency increment variation is 
more sophisticated, and thJs, the resonant frequency solutions are more accurate. 
Also, the approach is slightly different, in that the values of the transcen- 
dental function are stored in the computer and then looked at to see if there 
are any zeros. In the rectangular program only, the zeros are stored. 
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SECTION I l l  

THEORETICAL ANALYSIS OF A SPHERICAL CAVITY (EXACT) 

. . .  
M I CROWAVE THEORY BEH I ND PART I ALLY F i LLED SPHER I CAL c iv  in 
The fo l low ing  i s  an analys is  of t he  resonant frequencies of a qphei-lc$I.caVJ"r~ty 
p a r t i a l l y  f i l l e d  w i th  a d i e l e c t r i c .  The c a v i t y  t o  be considered i s  shown i n  
Figure A--f wi th  a d i e l e c t r i c  

For modes TEr and TM' , we need so lu t ions  J, t o  the  scalar  Helmholtz (Wave) 
equation denoted as Fr , Ar o f  the  form: 

p l  occupying region I and a d i e l e c t r i c  o f  
F 2 j  pi'' in Region 2. 

Cn jn ( K r )  P: (Cos 8 )  [ Cos m + ] 
Sin m Cp 

i n  t he  d i e l e c t r i c  and: L - 

[An in ( K r )  + Bn in ( K r j ]  P (Cos 6) Sin 
n Ps "I 

between the  inner d i e l e c t r i c  in te r face  and the  conductor. 

The above forms for the  J, (Ar o r  Fr) are chosen for t h e  fo l low ing  reasons: 
A 

Use Jn ( K r )  only, i n  the  center as the  f i e l d s  must be f i n i t e  a t  r = 0. 
Use m = integer as J, ( 4 )  = f~ (0 +2n) Is required ( i .e.  JI must be 
single-valued). 

Use P w i th  n integer as we want f i e l d s  f i n i t e  i n  8 a t  8 = 0,n. 

Use Pn (Cos 8) in.each region t o  f a c i l i t a t e  a match o f  t he  f i e l d s  a t  

t he  d i e l e c t r i c  boundary. 

"m 

t o  g i ve  simp I e s t  form o f  etjm' 

The propagation.constant K i s  def ined as: 

K = u f i  and Kl = w G l a n d  K2 = 

N o w  for the(;$)modes i n  Region 2, we can say: 

Fr= An jn ( K 2 r )  + En in [K2r)  P b  (Cos 9 )  

a A 

A = A J ( K 2 r )  = E N ( K 2 r )  P (Cos 6) 

The boundary condi t ions of tangent ia l  E 

0 

a t  r = b are: - 
E , = E  = O  
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SPHERICAL CAVITY PARTIALLY FILLED WITH DIELECTRIC 

FIGURE A-l 
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For modes TE', the  fo l low ing  f i e l d  components e x i s t :  

=-.r I a2A 
9 r  a r a e  

( for  TEr modes) 

( f o r  TMr modes 1 

2 - I a A, 
prs ine a r a 4  

- 

I n  qrder t o  s a t i s f y  the  boundary cond i t ion  on E E a t  r = b, we need: 

( f o r  TEP modes) 
0' " 

A A 

A J IK2b)  + B N (K2b) = 0 n n  n n  

A L 

O r  l e t t i n g  A = N (K2b) and B = -J (K b),  we can say: 
n n n n 2  

To meet the  same boundary condl t fon f o r  A,, we need: 
' 6  

An in' (K2b) f Bn Nn'(K2b) = 0 
A A 

l e t t i n g :  A = N '(K2b), Bn ='J ' ( K  b )  we have: n n n 2  

A r = [ i n ' ( K 2 b )  in ( K 2 r )  - jn ' (K2b) Nn' (K2r) ]  P n 

Now t o  meet the  boundary condi t ions on t he  d i e l e c t r i c  in ter face,  we must match 
tangent ia l  E and H components: 

= H42; He! = He2 E"l  = $2; H " 1  E e l  = 

For modes TMr and TE', t he  f o l  lowing f i e l d  components e x i s t :  
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Considering TEr modes f o r  E e, . .  E $, H8, H4, o r  2 = - E# t o  match a t  r = a, the 
fo l  lowing c h a r a c t e r i s t i c  equati  ns u s t  be satisf78d: 

Where: 

Kl = w 6  and K2 = w 6  

3 - -6 and nZ - - /5 €2 
Considering TMr modes for Ee, E#, He, H4, or Z = -E /H 

c h a r a c t e r i s t i c  equation appl ies:  

t o  match the f o l  lowing # 8' 

Now M = 0, I ,  2, 3; N = , 2, 3 are the integer values the  M 8, N may take. There 
are Znt l ,  n values, as rn n and has a cosine, s ine  degeneracy f o r  m > 0. The 
2n t l ,  m values a lso g i ve  The same resonant frequencies as they do not-enter i n t o  
the c h a r a c t e r i s t i c  equat ons f o r  KI and K2. 
f o r  a p a r t i c u l a r  n and an e x c i t a t i o n  range w1 -+ w 2  t he  fo l lowing computation 
could be used: 

Thus, t o  f i n d  the  number o f  w values 
' 

* 
( 1 )  Let  n = I and define 

( 2 )  

pl, c2, v2, a,  b. 

Find the number o f  w between w1 and w2 which s a t i s f y  the TEr and TMr 
c h a r a c t e r i s t i c  equations. Then m u l t i p l y  t h i s  number by 2 n t l  ( t h e  
number o f  degeneracies). 

( 3 )  Raise n by one, and repeat 2. Add the new number o f  w values t o  t h a t  
of previous n, and c a l l  t he  t o t a l  N. 

(4 )  Keep repeating 2 and 3 t i l l  no w can be found less than w2. 

The number N i s  now the  exact number of resonant modes which e x i s t  
f o r  t h i s  c a v i t y  w i t h  the given s e t  of parameters. 

The ,jn and fi 
are defined By: 

are the  Schel kunoff spher ical  Bessel functions. They 
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jn (XI = cn (XI sin + D ( x )  COS ( X  - 7) 
in ( x )  =an ( x )  sin (x - a) - cn ( X I  cos (. - y) 

m = O  

A-2 I 



APPENDIX 8 

COMPUTER PROGRAMS 



APPENDIX B 

INTRODUCTION 

The theore t ica l  analys is  ou t l i ned  i n  Appendix A were used to  ob ta in  computer pro- 
grams f o r  p a r t i a l l y  f i l l e d  cav i t i es .  
modes present i n  the  cav i t ies ,  for a number o f  'Q' or q u a l i t y  factors .  

The programs were used.to evaluate a l l  t he  

The programs i n  t h i s  Appendix are f o r  t he  conf igurat ions analysed i n  Appendix A. 



SECTION I 

PROGRAM FOR PARTIALLY FILLED RECTANGULAR CAVITY 

1.0 Def in i ' t ion And Analysis O f  Problem 

The ob jec t  o f  t h i s  program i s  t o  ca l cu la te  the  number o f  resonances I n  a 
rectangular metal c a v i t y  w i th  sides'a; 'b'and'c: which i s  p a r t i a l  l y  f i  I led 
w i t h  a loss-less: I i q u i d  whose surface i s  always para1 le1 t o  the'b', 'c'plane. 
The number of resonances i s  ca lcu lated between two I i m i  t s ' f  ,' and 'fi, and 
degenerate resonances are counted I n  t h e i r  m u l t i p l i c i t y .  

%he program counts one resonance for each frequency w i t h i n  the  range which 
s a t i s f i e s  any o f  t he  fo l low ing  four  se ts  o f  simultaneous equations. 

2 + (q2 + (y)2 = E El2 
2 + (q + [?I2 = $)' 

Kx I 

Kx2 

I 
G I  Sin KXald COS Kx2 Ca-d) + E KX2 Cos Kxld Sin Kx2 (a-d) = 0 ' 

+ e  

+ P  

2 

KxI + (F12 (:I2 = E (312 
a 2 + ( c " ) ,  =I>) 

Kx2 

K Cos Kxld S in  Kx2 (a-d) + Kx2 Sin Kx,d Cos.Kx2 (a-d) = 0 
X I  

2 
t e 2  2 .  

+ (FI2 ( c " )  = L (p) 
-Kx2 i. (Ft2 ( J2 = (51 * 

C 
Kx I 

+ E  2 

I 

Cos Kx,d Sinh Kx2 (a-d) = 0 
E Kx2 Sin Kx,d Cosh Kx2 (a-d) - Kx I 
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2 

KX I 

'Kx2 
2 2 

Cos Kxld Sinh Kx2 (a-d) + Kx2'Sin Kxld Cosh Kx2 (a-d) = 0 Kx I 

2 

KX I 

'Kx2 
2 2 

I 
Cos Kxld Sinh Kx2 (a-d) + Kx2'Sin Kxld Cosh Kx2 (a-d) = 0 Kx I 

(4 )  

I n these equations: 

d = Height o f  l i q u i d  up the'a'side. 

w = Radian, Frequency. 

E = D l e l e c t r i c  constant of Liquid. 

cl= Veloc i ty  o f  I ight .  

Kx l  , Kx2 are  rea I numbers, 

'n; 'p'are p o s i t i v e  integers, no t  both zero. 

2 .D Method of Solut ion 

Each of the  se ts  of simultaneous equations i s  solved by feeding I n  a f re-  
quency and thencalcu lat ing the  value of the  func t ion  on the  lef thand s ide  
o f  t he  equals s ign  i n  the  t h i r d  equation o f  the set. The frequency i s  in- 
creased irl increments, and each t ime the  funct ion changes sign, it i s  known 
t h a t  a so lu t i on  has been passed through. The method i s  repeated f o r  a l l  
values of'n'and'p; which gives so lu t ions  i n  the  given frequency range. 

3.0 Program Capabi l i t fes,  Logical Techniques And Options 

4.0 

The program can be run for  d i f f e r e n t  s izes of tanks, d i f f e r e n t  t lquids,  and 
d i f f e r e n t  f r a c t i o n a l  f i l l i n g s .  

L imi ta t ions And Accuracy 

Accuracy of the  program i s  t o  4 places. 
i s  a t  present i n  the  input  format. 
allowed for  by changing the  input  format. 

The main l i m i t a t i o n  of the  program 
More var ia t ions  of parameters could be 

5.0 Input And Output 'Parameters 

The input  data consis ts  of the  fo l lowing:  
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The box dimensions,'a: 'b'and 'c: a re  read i n  i n  inches fol lowed by the  f rac-  
t i o n a l  f i l l i n g  constant ?a'. Next, t he  d i e l e c t r i c  constant (E? of the  
l iqu id ,  and the  lower and upper frequency I imi ts '  ( i n  GHz) a re  read in. 
F ina l l y ,  t he  incremental frequency rAFf i s  fed i n  GHz. This input  data i s  
a lso  p r in ted  out, under appropr iate headings, on the  output  document. The 
output data consis ts  of the-(n,  p )  pa i r ,  then two frequencies, which are  
re levant  t o  the  types o f  equations t o  solve, and then the  resonant frequencies 
f o r  the given (n, p )  p a i r .  The t o t a l  number o f  resonances i s  p r i n ted  a t  t he  
end. 
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6.0 Flow Chart For Partial Fill Rectangular Programs 
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SECTION I I 

PROGRAM FOR PARTIALLY FILLED CYLINDRICAL CAVITY (VARIATIONAL TECHNIQUE) 

1.0 Definition and Analysis of Problem 

The object o f  this program is to give all of the modes (TE and TM) that 
exist in a cylindrical tank for a frequency band and a percentage dielec- 
tric fill, In addition, the 'Q' or quality factor is calculated for each 
mode utilizing the conductivity of the tank material. The 'Q' found is 
only the tank 'Q' and doesn't take into consideration the loss tangent 
of the dielectric or-'Q' of external circuitry. 

(1 1 1.1 TM Equation 
Equation 1 

I} 
I FRM = 2 4~: [ I  + (1  - -1 1 (-sin 1 (2Pna) -a) 

E 2Pn r ZIT 

+ (T) I + (-- 1 1 )  (a + - sin (2~na 1 2Pn [ E r 
A FRM = Resonant frequency of TM mode. 

Where: C = 

P =  

L =  

E : =  r 

a =  
x =  mn 

Equation 2 

Speed of light in cm/sec 
Number of half-wavelength variations of the mode 
along the axis of the tank 
Tank height in cm 
Relative permittivity of the dielectric in 
the tank 
Filling factor (full = 1.0, 10% full = 0.1) 
mn order Bessel zero for TM modes 

Where: S = 

'2r - - 
Conductivity of tank wall in mhosheter 
Relative permeability gf tank wall in henries/meter 

(1 )  Frequency and 'Q' equations derived from equations taken from 
Harringtan's "Time-Harmnic Electromagnetic Fields", McGraw-Hi 1 1 .  
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When P = 0: 

Equation 3 

QM 4 Tank 'Q' 

Equation 4 

1.2 TE Equations 

FRE Resonant Frequency o f  TE mode 

QE 'Q' associated w i t h  the TE rpode 

Equation 6 

X '  4 Bessel zero associated w i t h  the TE mode mn Where: 

2.0 Method o f  Solut ion 

To place l i m i t a t i o n s  on the 'DO LOOP' i n  the program, the frequency 
equations were solved f o r  ' P  UPPER'. A 

1 27r FR 
Pa 2 - 

2 P ~ a  
1 - - (1 - r ) a  (1 - 
r 

v 
B 
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It i s  necessary t o  f i n d  maximum and minimum value o f  A and B w i t h  respect 
to  f i 1 1  ing factor ,  a. 

For A: 

I 

da 

2 ( 2 ~ a a )  cos (2Pna) - 2 ~ n a C ~ i  n (2~i ra)  1 
2 + 

(PPna) 

= cos 2Pna + 1 

= o  
1 f o r  P = 1, a = - 2 

1 (1 + - )  M I N  1 A S P  
r E 

f o r  a = 0 

A = 1 MAX 

For B: 

= cos 
da 

= O  

f o r  a = 1 

1 B = -  
E r 

(2PlTa) - 1 

M I N  

f o r  a = 0 

B = 1 MAX 

Then (P UPPER)2 = PU2 

2 L 2nFU Xmn 
PU2 = (--) [(T) - (T) (A min)3/(B min) 

Now solve f o r  Xmn so t h a t  a means o f  s t a r t i n g  and stopping the 
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computation can be devised. 

11 S i  n ( 2 ~ n u )  2 

E r 

2pnu 

2 Xmn 

11 1 Sin 2P.rra' (-+ = c 1 - (1- E 1 a (1 + 
r 

Smallest case e x i s t s  @ w = wL, P = P UPPER, u = 0, B max., and A max. 

Y 

A 1  4 

This w i l l  determine the s t a r t i n g  point  when used i n  an ' I F '  statement 
form. 

I F  ((Xmn)2 - A 1 4 ) ;  READ ANOTHER Xmn (-), 

CONT I NUE (01, CONTINUE (+) ; 

Largest case e x i s t s  a t  F = FU, P = 0, B min., A min. 

AJ 2 

This w i l l  determine the stopping point  when put 

i F ( (Xmn)2 - A12) ; CONTINUE (-) , CONT 

NOTE : - 

n an ' I F '  statement. 

NUE (0) , STOP (+) ; 

The 'MI, IN', and ' P '  found w i t h i n  the equations are integers 
associated w i t h  the Im ' ,  In1 ,  and 'p i  o f  the TEmnp and 
subscripts. 
i ntegers. 

Therefore, the values o f  P1 and P2 are mode 
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3.0 

3 -  1 

3 . 2  

3 . 3  

4.0 

5.0 

6.0 

Program Capabilities, Logical Techniques, and Options 

The program can be run for different sizes of tanks, different tank 
materials, and different filling materials 

'AD' is the partial filling code. 

If 'AD' is read in as 1, filling of 10% to 100% in 10% increments will 
be run. 

If 'AD' is read in as 0, filling of 1% to 10% in 1% increments will 
be run. 

I f  'AD' is read in as 2, filling of 99% to 90% in 1% increments will 
be run. 
'IF' statements are used to give checks on the suitability of a Bessel 
zero and calculated frequency, the direction of the program to a 'TE' 
or 'TM' equation and the direction of the program to a 'TMmnOl or 
' TMmnp ' equation. 
fillings (0 to IO%, 10% to loo%, etc.). 

Also the 'IF' statement i s  used to select different 

Some of the options lie in the output statements. The output is both 
punched and printed. 
The output can be sorted by machine if punched or by computer if taped. 
The output may be sorted according to frequency, 'Q', etc. for better 
readability. 

This may be changed to tape output if desired. 

The output formats can be changed to get full eight place accuracy 
instead of five place as given. However, punching cards may not be 
practical in that case. (Not enough available columns.) The 'stop' 
card can be replaced with a 'pause' and 'go to 6' cards if a series of 
tanks or conditions would like to be run without making the computer 
recompile. 

Limitations and Accuracy 

Five place accuracy can be assured for all output parameters except for 
the case o f  m = 1. For this case three place accuracy is assured. 
(Bessel zeros at m = 1 are not accurate beqond three places.) 
frequency limit must not be so high as to'allow X,, (last card in data 

The upper 
..... 

2 1/2 deck) to-be less than or equal to 
[ ( F u ) ~ ( ~ ~ R G ) ~  - ((Pl)nR/L) 1 

or the program will not stop automatically. An indication of this 
happening is the repeating of the last line of printed output. If this 
case should appear, use the Bessel zero program supplied and generate 
higher ordered Bessel zeros. (Should not be necessary except In a very 
extreme case.) 
FORTRAN Names and Meanings used in Program 
Explained in Paragraphs 1.1, 1.2, and 2. 
Input and Output Parameters 

B-13 



6.1 input 

A1 = M (AN integer); E 12.5 

A2 = N (AN integer); E 12.5 

A3 = Xmn (A number) ; E 12.5 

A4 = FL (Hz/sec); E 12.5 

A5 = Fp (Hz/sec); E 12.5 

A6 = L ( I n  cm); E 12.5 

~7 = R ( i n  cm); E 12.5 

AE = (Dimension- E 12.5 
less) ; 

AD = (0, 1, o r  2) E 12.5 

MX = Mode TE = 1 ,  12 
TM = 2; 

s =  Conduct iv i ty F 8.3 
(mhos/m) x 10-7) ; 

6.2 Output (All o f  the above w i t h  same format plus the fo l lowing:)  

FRE = Resonant frequency o f  TE Mode (Hz) F 12.0 

12.0 QE = Tank 'Q' Of TE Mode(Energy d iss ipated i n  1 cyc le 

FRM = Resonant frequency o f  TM Mode (Hz) F 12.0 

Energy Stored i n  1 cyc le  

QM = 'Tank 'Q' o f  TM.Mode (A number) F 12.0 

PF = P a r t i a l  F i l l  ing Factor (A number) F 6.3 

P - P (AN integer)  E 12.5 
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7.0 DETAILED FLOW DIAGRAMS 

A. TM CASE 

\- 

E 

PI2 = P l * P l  0 
FL2 = FL*FL 0 
FU2 = FUkFU 

I 
7 

A12 

i 

I 
PU = PU + 1 

E 

+fTb Xmn, MX 

I 

Xmn2 = 
Xmn *Xmn 

I 

>O 

L C 3 - 

P = l - l  

~ P2 = P*P 

+-) 
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I F ( A D - I )  

=O <O I .o 

Y = l  . - "  o p x  y=o. l*X Y = * O l * X  

I 

<O 

~ B=2P.rrY 

> O  - 
Z=B/2.rr 

+ 
4 B=B-AINT 

(2) ;\2Tr F RM 

QM 

I 
AM A N ,  P , 

Xmn , FRM , QM , \4R I TE 
MX,Y 

I 
I 

AM AN P , 
Xmn ) F R O ,  
QMO,MX,Y 

WRITE 

QMO , MX , Y 

B - 1 6  



B .  TE CASE 

P 1 =3 141 6 -0 
r I 

1 

P I2=P 1 *P 1 

< I 

< I’ + 

FL 2=FL* FL 

c 

FU 2=FU*FU 

I 

W=R/D 

PU 

I 
I 

PU2=PU*PU 

A I  4 

I 

Xmn P=Xmn 

I F (Xmn2-Al4) €3 

n 
0 
I- 
v, 
0 
I- 

o 

cz 
0 c 

4 
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p. 
0 

5; 
0 
I- 

I 

I F ( A D - I )  

1 >o 
= o  <O 

v 
Y=O.l*X Y=O 01 *x 

I 
J 

i 

Y=l - .01 *X 

~ 

I - > o  
Z = B / 2 n  

I 
B=B-A I NT 

(z)*2?T FRE 

I 

I F(FU-FRE) (-I2- 

L 
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SECTION I l l  

PROGRAM FOR PARTIALLY FILLED CYLINDRICAL CAVITY (EXACT) 

1.0 D e f i n i t i o n  And Analysis O f  Problem 

The ob jec t  o f  the  program is t o  ca l cu la te  the  number of  resonances I n  a 
cy1 i n d r i c a l  metal cav i t y  o f  he ight  'd: and radius 'a: p a r t i a l  l y  f 1 I led w i th  
I iquid'E'up t o  a height 'c! 
tween two l i m i  ts 'f l' and If;, and degenerate resonances are counted i n  t h e i r  
m u l t i p l i c i t y .  

The number of  resonances'N'is ca lcu lated be- 

The program counts one resonance f o r  each frequency w i t h i n  the  range which 
s a t i s f i e s  any o f  t he  fo l low ing  four  sets  o f  simultaneous equations: 

KI 2 + r+I2 = (312 
K2 '2 + (*)2 = E (y2 

K Sin K c Cos Klb + E K, Cos K2c Sin Klb = 0 2 2 
I 

KI 2 + [*)2 = ($ 

K2 2 . + (lq= E (y2 I 

K Cos K2c Sin K l b  + K, S in  K2c Cos Klb = 0 2 

2 
-K + I 

2 + 
K2 

K Sin K c Cosh 2 2 

2 
-K + 

I 

2 
K2 + 

K2 Cos K G Sinh 2 

i": P )' = (>I2 
(": P 1' = E (y2 

C 

Klb - E K Cqs K2c Sinh K b = 0 I I 

K,b + KI S in  K2c Cosh Klb = 0 

(2) 
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In these equations: 

b = d-c 

w = rad an frequency 

cl= vel-city of light 

K /K are real numbers 
1 2  

is a zero of' J n  XnP 
xAp is a zero of JA 

n, p are positive integers, p it 0 

2.0 Method Of Solution 

Each of the sets of simultaneous equations is solved by feeding in a fre- 
quency and then calculating the value of the function on the left-hand side 
of the equal sign in the third equation of the set. The frequency is in- 
creased in increments, and each time the function changes sign, it is known 
that a solution has been performed. The method is repeated for all values 
of ? n r  and 'p?, which give solutions in the given frequency range. 

3.0 Program Capabilities, Logical Techniques And Options 

The program can be run for different sizes of tanks, different liquids and 
different fractional fillings. 

4.0 Limitations And Accuracy 

The accuracy of the program is very high, being about 6 or 7 places. 
present, the program automatically does 10% to 90% fi 1 I ings in increments of 
10%. 
close to the full and empty cases, there may be difficulty with the program. 
The program also has the disadvantage of finding all the modes below the 
upper frequency, and consequently, could be expensive when high frequencies 
are used. Apart from these limitations, the program is quite flexible, al- 
though the input data format may have to be changed. 

At 

This could be changed to other fi I I ings in the 5% to 95% region, but 

5.0 Input And Output Parameters 

has the radius and the height 
stant of the liquid, and the 
lows the zeros of the Bessel, 

The input data for the program consists of the following: The first card 
the dielectrrc con- 
mits. Next, fol- 
9 and p = I to 28, 

of the cy1 i nder in meters; 
ower and upper frequency I 

function with n = 0 to XnP 
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and the same number o f  zeros o f  the  Bessel xAp funct ion.  
o f  the  numbers In1  and 'PI, corresponding Bessel zero, mode order ing number 
q, the  resonant frequency, the  '9' value o f  the  resonance, a number t o  show 
whether the  mode i s  'TE' o r  ITMI, t he  p a r t i a l  f i l l i n g  f a c t o r  o f  t he  cav i ty ,  
and the t o t a J  resonance'count so fa r .  

The output  cons is ts  
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Instruments& 
Lifesupport 
Division 

6.0 Main Flow Chart For P a r t i a l  Fill Cyl indr ica l  Proqram 

~ S t a r t  p Loop 

D 
4 
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Cons I der TE Cas I 

I A 
I 

C 

‘ C  

‘ E  

‘ 0  

‘ F  
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A I 

Call In Roots 
Subroutine, TM 
Modes Case 2. 

Subroutine, TE 
Modes, Case 1. 

P t  i nt 
Out 
Roots 

I 

C 

t 1 

Consider 
TM Case. 

I 
c 

' F  

\E 
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Cal l  I n  Roots 
Subroutine, TM 
Modes Case 1 .  

C D 

t 

E 
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6. I 

Ox and No. of 

*&-I No. of Ste 

12 .r 

S t a r t  K 
Loop 

Fkt (XI<) 
Fkt (Xk+l) t Fkt ('k+2) 

,c 
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SECTION IV 
SPHERICAL CAVITY PROGRAM 

1 .O DEFINITION AND ANALYSIS OF. PROBLEM -.LI 

The object  o f  t h i s  program i s  t o  obta in  a l l  o f  the TEmnp and TMmnp 
modes tha t  e x i s t  i n  a spherical tank f o r  a frequency band, e.g. (2-4GHz). 
I n  addi t ion,  the 'Q' o r  q u a l i t y  f a c t o r  i s  calculated f o r  each mode u t i l i z i n g  
the conduct iv i ty  o f  the tank mater ia l .  The 'QI found i s  only the tank 'Q'. 

1.1 TM Equations ( I )  

Equation 1: 

rnn U' 
FR - 2.rr R z  

A FR = as the resonant frequency o f  TM mode. 
4 

Where : 

"'mn = Bessel zero associated w i t h  the de r i va t i ve  o f  ha l f -order  
Bessel funct ion (Spherical Bessel funct ion) 

R = radius o f  sphere 

E = crcO, p e r m i t t i v i t y  o f  f i l l i n g  mater la l  

1.1 = prvo, permeabi l i ty  o f  f i l l i n g  mater ia l  

Equation 2: 

rn (m+I ) 

mn 377. * "mn - u' 
QM = 

Q,,, 4 as the "Q" associated w i t h  'FR' o f  'TM' mode 

m = integer qual i t y  f ac to r  associated w i t h  'mi i n  Uimn (order 
o f  Bessel funct ion) 

tsr = r e l a t i v e  p e r m i t t i v i t y  o f  f i l l i n g  mater ia l  

Fr = Resonant Frequency 
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1.12 = P2r 'uo' ,  permeability of cavity wall 

S = conductivity of cavity wall 

( Equations from Harr i ng ton ' s  T ime-Hamion? c Electromagnet f C Fie1 ds . 
McG raw-H i 1 1 

1.2 'TE I Equations I 

Equation 3: 

'mn 
271. R G  

FR = 

A FR = Resonant frequency of 'TE' mode 

Where: 

= Bessel zero associated with the half-order Bessel function 
(Spherical Besse3 fwnct ion) "mn 

Equation 4 1  

A 
QE = as 'Ql or quality factor associated with 'FR' of a 'TE' mode 

2.0 METHOD OF SOLUTION 

The frequency equation was solved for the Bessel zero. 

Equation 5: 

u mn = (FR) (2) (IT) (R)&TJ 
The Bessel zerosare read into the computer as input data, must meet 

the following conditions: 

Equation 6: 

u mn - > (FL) (2) (IT) ( R ) d m f  = A12 
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Where : 

FL = A ,lower frequency l i m i t  

Equation 7: 

'mn - <(FU) (2) (n) ( R ) m  - A 1 4  

Where : 
A 

' FU = upper frequency 1 i m t  t 

I n  the program the r l g h t  hand s ide o f  Equation 6 is c a l l e d  A12 and the 
r i g h t  hand s ide o f  Equation 7 i s  ca l l ed  A14. While Umn i s  ca l l ed  A3. 
Two ' I F '  Statements determine when computation should s t a r t  and stop. 

I F  (A3-Al4) go t o  next ' I F '  Statement (-1, go t o  next ' I F '  Statement (01, stop (+) 

I F  (A3-Al2) read another Umn(-), go t o  next statement ( O ) ,  go t o  next statement (+) 

' M I  i s  the order o f  Bessel zero. 
The number o f  degenerate modes per Bessel zero i s  2 times (M+1), where 

This number i s  p r i n t e d  out(D). 

t o  t a  

3.0 

3 .  I 

The accumulative t o t a l  i s  a lso p r in ted  out and i s  j u s t  the running 
o f  I D ' .  

PROGRAM CAPABILITIES, LOGICAL TECHNIQUES, AND OPTIONS 

The program can be run f o r  d i f f e r e n t  sizes o f  tanks, d i f f e r e n t  tank 
materials,.and d i f f e r e n t  f i l l i n g  mater ia ls.  

3.2 
zero and the d i r e c t i o n  o f  the program t o  'TE' o r  'TM' equations as applicabld. 

3.3 Some o f  the options l i e  i n  the output statements. The output i s  
p r i n ted  but may be placed on tape i f  operations are t o  be performed on the 
output. 

' I F '  statements are used t o  g i ve  checks on the s u i t a b i l i t y  o f  a Bessel 

The format may be changed f o r  greater accuracy. 

-- 4.0 LIMITATIONS AND ACCURACY 

4.1 Five place accuracy i s  assured f o r  a l l  output. 

4.2 The upper frequency l i m i t  must not be so high as too al low 
card in  data deck) t o  be less than o r  equal t o  A14,(Fu)(2)(n)G, o r  the 
program will not  stop automat ical ly.  

5.0 FORTRAN NAMES AND MEANINGS USED IN, PROGRAM 

( l a s t  

Explained i n  paragraphs 1.1, 1.2, and 2.0 
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6.0 INPUT AND OUTPUT PARAMETERS 

5.1 input 

7 

A1 = M (an integer) 

A2 = N (an Integer) 

A3 = X,, (a number) 

A 4  = FL (Hz) 

A5 = Fu (Hz) 

A6 = L (cm) 

A7  = R (cm) 

AE = cr (Dimensionless) 

AD = N/A 

MX = Mode TE = 1, TM = 2 

S = Conduct iv i ty (mhos/m) x low7) 

6.2 Output 

A l l  o f  the above format except A1 and A2 p l u s  

M = M (an integer)  

N = N (an integer) 

FR = Resonant Frequency of  'TE 
mode (Hz) 

QE = 'Q' o f  'TE' mode (a numer 

QM = 'Q' of  'TM' mode (a numer 

E 12.5 

E 12.5 

E 12.5 

E 12.5 

E 12.5 

E 12.5 

E 12.5 

E 12.5 

E 12.5 

12 

F 8.3 

the fo l lowing:  

13 

f 3  

or 'TM' F 12.0 

ca l  r a t i o )  F 12.0 

ca l  r a t i o )  F 12.0 

J = Number of degeneracies per Bessel 1 1 3  
zero (an integer) 

JOCD - Accumulat I ve resonance count 2 6  
(a number) 
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7.0 DETAILE 

READ ~ 

I 

IF c0 
MX-2 



THIS PAGE INTENTIONALLY LEFT BLANK 
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SECTlOEl V 

STATISTICAL PROGRAM 

A. 

1 .o 

1 . 1  

CY L 

De f 

The 

- 
NDRICAL CAVITY - EXACT Q 

n i t i o n  and Analysis o f  Problem 

object  o f  the program i s  t o  g ive a l l  of the TEmnp and TMmnp modes tha t  
e x i s t  i n  an empty or f u l l  c y l i n d r i c a l  tank f o r  a frequency band, e.g. (2.-4, 
Gtlz). 
u t i l i z i n g  the conduct iv i t y  o f  the tank mater ia l .  
tank I'Q''. 

I n  addi t ion,  the "Q" o r  q u a l i t y  f ac to r  i s  ca lcu lated f o r  each mode 
The ''Q" found i s  on ly  the 

TM Equations (1) 

A 

4 Tank "Q" associated w i t h  the TM mode. 

FRM = Resonant frequency o f  TM mode. 

QM 

Equation 1 

A 

A 

A 

A = Bessel zero 

4 Number o f  half-wavelength var ia t ions  o f  the mode 

4 Height o f  the tank i n  cm 
A \ 

contained i n  the tank 

i n  the tank. 

There are two 'Q" equations f o r  TM mode. 
other when P # 0. 

where: R = Radius o f  tank i n  cm 

o r  E = E E farads/cm 

hen r i es/cm ' = FLOPr 

'mn 

P 

L 

i n  the a x i a l  d i r e c t i o n  o f  the tank 

Note: E = The d i e l e c t r i c  constant o f  the f i l l i n g  mater ia l  r 

'r 
A * The permeabi l i ty  o f  the f i l l i n g  mater ia l  contained 

'\ 

One i s  used when P = 0, and the 

When P = 0: 

Equation 2 i; 

(1 ) Equat ions from Har r i ngton I s "T ime-Ha rmon i c E 1 e c t  romagnet i c F i e l  ds ,I' 
McGraw-Hi 11. 
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where: S - Conductivi ty o f  tank wa i l  i n  mhos/meter 

~2 = parr, permeabi l i ty  o f  tank wa l l  i n  henries per meter 

When P # 0: 

1.2 TE Equations 

FRE 4 Resonant frequency o f  TE mode 

QE a In ternal  Q Associated wi th the TE mode 

Equation 4 
-. . 

Equation 5 

J 
2.0 Method of  Solut ion 

The frequency equations were solved f o r  the Bessel zero (Xmn) and P. 
maximum and minimum P were found f o r  any Eessel zero which determined the 
l i m i t s  of the "DO LOOP"; e.g. (DO 8 K = P l ,  PZ), P1 being P minimum and 
P2  being P maximum. The Bessel zero equation was solved f o r  maximum and 
minimum Xmn for  associated P1, P2, and frequency range. 
zeros are read i n  order o f  magnitude, a method o f  determining when the 
computing should s t a r t  and end can be determined. 

A 

Since the Bessel 

Since FRM and FRE equations are i den t i ca l  except f o r  the value o f  a Bessel 
zero, e i t h e r  equation 4 o r  5 can be used. 

I__ 

E Equation 6 

P = !=-{ [ ( F R I 2 ( 2 a R 6  )2 ]  - X2mn} 1 /2 
RT 
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Equation 8 

2 P1 = P (LOWER) = 
I' J 

where: FL =: Lower frequency l i m i t  o f  the frequency band. 

Equation 9 -l 

- . [ P ; R r j  - ' I 2  

Eqhation -10 

Equation 11 

o r  the TE o r  TM w i l l  have a frequency outside the ,and 1 
mnP mnP 

n t s .  

Note: The "MI', "N", and "P" found w i t h i n  the equations are integers 
associated w i t h  the m,n, and p o f  the TE and TM subscripts. 

mnP mnP 
Therefore, the values o f  Pl and P2 must be integered. The computer i s  
t o l d  t o  integer each. 

3.0 Program Capabi l i t ies ,  Logical Techniques, - and Options 

3.1 The program can be run f o r  d i f f e r e n t  sizes o f  tanks, d i f f e r e n t  tank 

a Bessel zero, 
i r e c t i o n  of the 

B-37 



4.0 

o r  the program w i l l  no t  stop automatical ly. An ind i ca t i on  o f  t h i s  
happening i s  the repeating of  the l a s t  l i n e  o f  p r i n ted  output. 
case should appear, use the Bessel zero program supplied and generate 
higher ordered Bessel zeros. 
ex t  r e m  case. ) 

I f  t h i s  

(Should not  be necessary except i n  a very 

5*0 FORTRAN. Names and Meanings used i n  Program 

I Found on comment cards i n  the source l i s t i n g .  

6.0 input and Output Parameters 1 
I 6.1 Input: A1  = M (An integer); E 12.5 

A2 = N (An integer); E 12.5 

A3 = Xmn (A number); E 12.5 

A4 = FL (Hz); E 12.5 

A5 = FU ( H z ) ~  E 12.5 

A6 = L (cm); E 12.5 

I 



6.2 Output ( A l l  o f  the a 

FRE - Resonan 

QE = 'lQl' o f  

FRM - Resonant frequency 

QM - "Q" of TM Mode (A numerical ra t io) ;  

PF - F i l l i n g  f a  for empty or f u l l  (A number); F 6.3 

AK - P o f  TM mode (An integer);  E 12.5 

AL - P o f  TE mode (An integer); E 12.5 
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7.0 FLOW DIAGRAM 

HEAD I NGS 0 
INTEGER 

AD, 

I TE 

- 
A6 = 
A6/3 .14157  

A12 = AE*A9 

P 
A 1 4  = AEJ;A8 

AC2 = ACJcAC 

A42  = A4J;A4 

I 

A72  = A7*A7 

~ 

PF = 1.0 

~ 

’1 
P 1  = 0.0 

~ 
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o. 

v) 

0 
I- 
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B. DELTA F PLUS LIST AND COUNT 

1 .o 

There are two object ives o f  t h i s  program. a The f f r s t , o b j e c t i v e  i s  t o  
g ive  a l i s t i n g  and running resonance count o f  the sor ted output o f  the 
cy1 l n d r i c a l  c a v i t y  programs. 
t o  be sorted f o r  frequency incrgases f o r  each f i l l i n g  factor ,  
i n  sorted form, the frequency might increase i n  the order f 
f o r  a f i l l i n g  factor o f  0.1 and the next set  o,f data ~ould 
quency increasing from 1 t o  4 GHz f o r  
ob jec t ive  i s  t o  g lve  the separat 
detect ion system) f o r  variQcK tlq a1 plus external  
c i r c u i t r y .  

(The outputs o f  -these c a v i t y  programs .have 
For example, 

1.1 L i s t  and Count . 
I 

For any mode tha t  has a "MI' value of zero, i t  i s  countpd a5 one mode. 
I f  tlM" has a value other  than zero, i t  i s  counted as two modes because o f  
the nature o f  the f ie lds .  

1.2 

The output from a tank, which has been energized w l t h  a band o f  f re -  
quencies, i s  run through a diode (detected). The- r e s u l t  i s  a s e r h s  OB. 
pulses when viewed on an osci l loscope, 
governed by the frequency and ove ra l l  "Q" o f  the system. I f  the prcLss 
widths o f  any two adjacent modes are great enough, ovetf'apping w i  t L  ocetir. 
This Del ta F Program determines how much over lap or separation of mdde 
pulses occur f o r  various "Q"s. 

The width o f  these pufs.es,is 

.Equation l a :  

1 
Q1 = 

1 '  1 
QME 500 
-*- 

Equation 1 b: 

1 

1 1 
QME 1000 

Q2 - 
- +.- 
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Equation 1C:  

1 

1 1 -+-  QME 2000 

43 = 

Equation Id:  

1 

1 1 -+- 
QME 20000 

Q4 = 

Where : 

QME = 'Q '  o r  q u a l i t y  f a c t o r  o f  tank only  

Q1, Q2, Q3, Q4 = 'Q' o r  q u a l i t y  f ac to r  o f  t o t a l  system 

Equation 2: 

SP = F2-Fi 

A 
SP = Spacing (Difference between succeeding frequencies I n  H t )  

Equation 3: 

DF1 = F1/Q 

DF2 = F2/Q 

DF 4 1/2 maximun wldth o f  pulse 

DF4 = SP - (Fi/Q) + (F?/Q) 
2 Equation 4: 

A 
DFq = Distance i n  cycles per second between pulses a t  ha l fmax .  points.  

2.0 METHOD OF SOLUTION 

Four d i f f e r e n t  ' Q f  equatio g ive maximum f l e x i b i l i t y  t o  
the program. Correspondently, DFt, DF2, DF3, and OF4 
Equations used i n  the program t o  a l l &  four indepen- ra t i ons  t o  be 
performed on one mode without havfng t o  rewind tape, etc.  -. , 
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3.. O PROGRAM CAPAB l L IT I.ES , LOG l CAL TECHN l QUES , AND OPT l ONS 

3.1 The program can be run on sorted data (sorted according t o  frequency 
f o r  each f i l l i n g )  from Cy l ind r l ca l  P a r t i a l  F i l l i n g ,  Cy l i nd r i ca l  Empty 
o r  F u l l  Programs. 

3.2 One 'IF' Statement i s  used t o  d i r e c t  the f i r s t  set  o f  data read t o  
special  equations because no mode separation can be determined wi thout  a 
reference. 

3.3 The 'Q'  equations can be a l te red  f o r  d i f f e r e n t  d i e l e c t r i c  loss tangents 
plus external  ' Q ' s ' .  Sets of formulas may be removed i f  less than four  
cases wish t o  be computed, 

4.0 LIMITATIONS AND ACCURACY 

Five place accuracy i s  guaranteed f o r  a l l  parameters. Eight place 
accuracy i s  t o  he expected fo r  FR, Q, SP, DF2, DF3, and DF4. 

NOTE:- Put stop card a t  end of data card deck (-0.100OOE+Ol I n  columns 1 
-ugh 12 inc lus ive) .  

5.0 FORTRAN NAMES AND MEANiNGS USED I N  PROGRAM 

To be found i n  paragraphs 1.1 and 1.2. 

6.0 lNPUT AND OUTPUT PARAMETERS 

6.1 Input 

A1 = M fan integer)  

A2 = N (an integer)  

A3 = Xmn (a number) 

AKL = P (an integer)  

FR = Resonant frequency o f  'TE' o r  
'TM' mode (Hz) 

QME = Tank 'Q' i f  'TE' o r  'TM' mode 
(a r a t i o )  

MX = Mode-TE=l, TM=2 

PF = F i l l  ing fac to r  (a number) 

E 12.5 

E 12.5 

E 12.5 

E 12.5 

F 12.0 

F 12.0 

1 2  

F 6 . 3  
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'6.2 Output ( a l l  o f  the above plus) 

M .eo Accumulative mode count (a number) I: 6 

DF11 
* DF12 3: F1/Q (Hz) 

DF13 
F 12.0 

D F ~  4 

Q1 '* = System Q u a l i t y  Factor (a r a t i o )  43 
Q4 

F 12.0 

DF21 
DF22 = F2/Q(Hz) 
DF23 
DF24 

DF3 1 

DF4 1 

F 12.0 

F 12.0 

F 12.a 

, 

SP cF2 7 F1I (Hz) F 12.0 
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7.0 Simp1 i f i e d  F l o w  Diagram 

HEAD I NGS 

~ 

-+(:-I AKL , FR, QME , READ 

STOP 51 
F2 = FR 0 

DF1192,3,4 

~ 

I- 
I 

DF1,2,3,4 
' 

. Ql*,2,3,4 WRITE 

I 

I 

DF21,2,3,4 

K = K + l  
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SECTION V I  

found i n  exfsting tables. 

1.1 Xmn Equatlons f7) (TM) 

A*HPI - B B*28.*AM*AM - 31 
” = 

FP I *A F8P I *A3 ‘rnn 

Where : 

A = AM + 2*AN .. 0.5 

B = 4.*AM*AM-I .O 

HPI = s/2 

FPI = 4.rr 

F8P1 = 48.*n3 

1.2 Xlmn EquatTons ( - 1  (TE) 
8 

C - (D + 3) 7*D2 + 82.*D - 9 83D3 + 2075D2 * 30290 + 3537 
. - I  - 

8C 6.*(4*c) 15*(4 + C I S  X’mn 

Where : 

f o r  AM = 0 

C = 

f o r  AM + 0 
(2*AN + 0.5) * I 

I .  

C = (AM + 2*(AN 

D = 4*AM*AM 

1 )  + 0*5)*+ 

(’) Equation from M.1  .T. Radiation Laboratory Series, p. 66, Waveguide 
Handbook 10. 

8 
( ) Equations derived from Jahnke 6 Emde Table of-Functions. 

\. i . /  
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2.0 METHOD OF SOLUTION 

'AM' corresponds t o  the order o f  the B 
t o  the zero o f  the Bessel function. Eq 
representation o f  the so lu t i on  o f  JAM = 
'DO LOOPS' are used t o  systemat ica l ly  c 

3.0 PROGRAM CAPABILITIES, LOGICAL TECHNIQUES, AND OPTIONS- - 

3.1 The program can generate an un l im i ted  amount o f  Bessel zeros as the 
c y l i n d r i c a l  cav i t y  program demands. 

3.2 
'GO TO' Statements are used t o  help the ' I F '  Statements I n  program direction. 
The 'DO LOOPS' generate 'AM's '  and ' A N ' S ' .  

' I F '  Statements are used t o  d i r e c t  the f low t o  the cor rec t  constants. 

3.3 The l i m i t s  o f  the 'DO LOOPS' can be changed t o  g ive a s p e c i f l c  'Xmn' 
o r  a .par t i cu la r  group o f  'Xmn's'. The output i s  both w r i t t e n  and-punched 
i n  the format required f o r  reading i n t o  the c y l i n d r i c a l  cav i t y  programs, 
O f  course, i t  i s  necessary t o  s o r t  according t o  value of Xmn's (X'lpn & 
Xmn together i f  for c y l i n d r i c a l  cav i t y  empty o r  f u l l  program and X mn and Xmn 
separate f o r  the p a r t i a l  f 11 1 ing cy1 i n d r i c a l  cav i t y  program.) 

Note: Xmn = TM mode zero 

X'mn = TE mode zero 

4.0 LlMlTATlONS AND ACCURACY 

Five place accuracy i s  assured f o r  a l l  cases except AM = 1, and i n  the 
'X'mn' case, then three place accuracy i s  guaranteed. 
ser ies could not be found which b e t t e r  approximated the AM = 1 case, 

Unfortunately, a 

5.0 FORTRAN NAMES AND MEANINGS USED I N  PROGRAM 

XmnTE = Bessel zero associated w i t h  the 'TE' mode o r  the 'Xmn' o f  
the de r i va t i ve  of 'JAM', i .e., (X'mn, J'N) 

XmnTM = Bessel zero associated w i t h  the 'TM' mode o r  the 'Xmn' o f  
'JAM'. 

6.0 INPUT AND OUTPUT PARAMETERS 

6.1 There i s  no input. 
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7.0 DETAILED FLOW CHART 

HEAD I NGS 

DO 

DO 

AN = N 1. 

XMNTM 

WR TE 

XMNTE 

~~ 

AM, AN, 
XMNTE, MX T E  
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APPEND I X  C 

INTRODUCTION 

Section I of t h i s  appendix describes the  f i e l d  pat terns f o r  var ious TE and TM 
modes i n  a c y l i n d r i c a l  cav i ty .  A study of these pat terns ind icates t h a t  f o r  
a t ransmi t ted energy technique of mode detection, t he  antennas have t o  be 
placed i n  a plane 180° apart. 

Section I I  i s  a study o f  t he  t rans fe r  cha rac te r i s t i c  o f  adjacent modes. Adja- 
cent  modes o f  various amplitudes and frequencies were considered i n  order t o  
study the  merging o f  modes. This  informat ion was used t o  ob ta in  the  weighing 
fac to r  for the  s t a t i s t i c a l  computer program. 



SECTION I 

FIELO PATTERNS FOR VARIOUS MODES 

, I N  A CYLINDRICAL ChVITY 
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MODE PAVERNS FOR CYLlNDRICAL CAVITY 
D 1 AMETER 12" LENGTH 24" 

FREQUENCY: 2 - 4 GHt 
TRANSVERSE ELECTRICAL MODES 

2, I TE TEI, I 

TEO, I TE3, 1 

TE4,1 : TEI ,2 

E 2  



TE5,  1 TE6, I '. 

TE2,2 

TE0,2 

TE3,2 

TEt ,3 
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‘TE7, I TE2, 3 

TE4, 2 TEO 3 

TE8, 1 TE5 2 
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TE9, I 

TE3, 3 

TE1 ,4 TE4, 3 
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MODE PATTERNS FOR CYLlNDRlCAL CAVITY 
D I AMETER 12" LENGTH 24" 

FREQUENCY: 2 - 4 GHz 

TRANSVERSE MAGENTIC MODES 

TM 15 
8 
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SECTION I I 

TRANSFER CHARACTERISTICS OF 

ADJACENT MO0ES 
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NORMAL I ZED FREQUENCY 
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NORMAL I ZE 0 FREQUENCY 
,010 
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t TRANSFER CHARACTERISTICS OF ADJACENT MODES 

MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000 
MODE 2 AMPLITUDE I .O Q 750 CENTER FREQ 1.003 

2.0 

1 .o 

.010 
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2. 

a 

0 
w 
N '  

I .  

TRANSFER CHARACTERISTICS OF ADJACENT MODES 

MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000 
MODE 2 AMPLITUDE 1.0 Q 750 CENTER FREQ 1.004 

0 

,o 

NORMAL I ZED FREQUENCY 
.010 



2 .o 

1 .o 

TRANSFER CHARACTERISTICS OF ADJACENT MODES 

MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000 
MODE 2 AMPLITUDE 1.0 Q 500 CENTER FREQ 1.000 

I 

1 
NORElAL I ZED FREQUENCY 

c-20 



0 z 

c-2 I 



I I I 

TRANSFER CHARACTERISTICS OF ADJACENT MODES 
MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000- 
MODE 2 AMPLITUDE 1.0 Q 500 CENTER FREQ 1.002 H 

2.0 

1 .o 

.010 
NORMALIZED FREQUENCY 
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H TRANSFER CHARACTERISTICS OF ADJACENT MODES 

MODE 1 AMPLITUDE 1 .O Q 1000 CENTER FREQ 1.030 
MODE 2 AMPLITUDE 0 . 7 5 Q  1000 CENTER FREQ I .OOO 

.010 
NORMALIZED FREQUENCY 
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W crc crc 
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LL 
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crc 
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p: 
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2. 

1. 

t- TRANSFER CHARACTERISTICS OF ADJACENT MODES 

MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.030 H MODE 2 AMPLlTUDE 0.754 1000 CENTER FREQ 1.003 

.010 
NORMALIZED FREQUENCY 
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TRANSFER CHARACTERlSTlCS OF ADJACENT MODES 
MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000 
HODE 2 AMPLITUDE 0.754 1000 CENTER FREQ 1.004 

0 

0.990 1 .ooo 
NORHAL I ZED FREQUENCY 

.010 
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TRANSFER CHARACTERISTICS OF ADJACENT MODES 

MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000 
MODE 2 AMPLITUDE 0.5 Q 1000 CENTER FREQ I .002 

.. 

mol0 
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H TRANSFER CHARACTERISTICS .OF ADJACENT MODES 
MODE 1 AMPLITUDE 1 .O Q 1000 CENTER FREQ 1000 
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APPENDIX D 

INTRODUCTION 

This  appendix contains the  graphical  analys is  of a s t a t i s t i c a l  computer program 
which was run on the  1/3 scale THERM0 tank p a r t i a l l y  f i l l e d  w i th  LN . 
graphs show the  e f f e c t  o f  System "Q" on the  loading response and t h a  mode d is -  
t r i b u t i o n  f o r  var ious f i l l i n g s  and s p e c i f i c  system ''Qrs". 
graphs provides informat ion for the  op t im iza t ion  o f  operat ing frequency band as 
welt as system s e n s i t i v i t y .  

The 

A study o f  these 
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Although patent app l i ca t i on  Ser ia l  No. 708908 (Post & Brown) f i l e d  February 28, 
1968, re la tes  t o  an invent ion disclosed i n  data furnished to the Government i n  
t h i s  F ina l  Report, i t  i s  t o  be noted t h a t  t h i s  invent ion was not made (conceived 
o r  f i r s t  a c t u a l l y  reduced t o  p rac t ice)  under t h i s  cont rac t  o r  i n  the  performance 
o f  any work done upon an understanding i n  w r i t i n g  t h a t  t h i s  cont rac t  would be 
awarded. Accordingly, the r i g h t s  acquired by the Government under t h i s  cont rac t  
s h a l l  not  include any r i gh ts ,  express o r  implied, i n  the aforementioned invent ion 
and t h i s  invent ion s h a l l  be deemed t o  be the  exc lus ive  proper ty  o f  the  Bendix 
Corporation. 


